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Abstract
Steam Reforming of CH4 Using Ni- Substituted Pyrochlore
Catalysts
Daniel J. Haynes
The steam reforming of methane (SMR) continues to remain an important industrial reaction for
large-scale production of H2 as well as synthesis gas mixtures which can be used for the production
of useful chemicals (e.g. methanol). Although SMR is a rather mature technology, traditional
nickel based catalysts used industrially are subjected to severe temperatures and reaction
conditions, which lead to irreversible activity loss through sintering, support collapse, and carbon
formation. Pyrochlore-based mixed oxide have been identified as refractory materials that can be
modified through the substitution of catalytic metals and other promoting species into the structure
to mitigate these issues causing deactivation. For this study, a lanthanum zirconate pyrochlore
catalyst was substituted with Ni to determine whether the oxide structure could effectively stabilize
the activity of the catalytic metal during the SMR. The effect of different variables including
calcination temperature, a comparison of a substituted versus supported Ni pyrochlore catalyst, Ni
weight loading, and Sr promotion have been evaluated to determine the location of the Ni in the
structure, and their effect on catalytic behavior.
It was revealed that the effect of calcination temperature on a 6wt% Ni substituted pyrochlore
produced by the Pechini method demonstrated very little Ni was soluble in the pyrochlore lattice.
It was further revealed that by XRD, TEM, and atom probe tomography that, despite the metal
loading, Ni exsolves from the structure upon crystallization of the pyrochlore at 700°C, and forms
NiO at the surface and grain boundaries. An additional separate La2ZrNiO6 perovskite phase also
began to form at higher temperatures (>800°C). Increasing calcination temperature was found to
lead to slight sintering of the NiO at the surface, which made the NiO more reducible. Meanwhile
decreasing the Ni weight loading was found to produce a lower reduction temperature due to the
presence of less lanthanum at the surface. Comparing the XANES and EXAFS profiles for the
supported and substituted Ni catalysts showed no detectable difference between the spectra, further
confirming the Ni to be present as NiO after substitution.
Activity testing found the NiO on the surface to be the active catalytic form. However, the Ni
proved to be highly sensitive to sintering and oxidation by steam, especially under high pressures
(1.8 MPa), which caused all catalysts to suffer irreversible activity loss. Low reaction pressures
(0.23 MPa) elicited an activation effect in which the Ni initially lost activity, but then recovered
to near equilibrium yields after nearly 10 hours time on stream. The activation was correlated with
an increase in Ni particle size, as observed by XRD. It is speculated from similar behavior reported

in the literature that ability to recovery activity was linked to a redox cycling of the Ni particles
under reaction conditions, in which a small amount of the Ni was redistributed over the surface
through the volatilization with steam, as well as the exsolution of the Sr from the structure which
helped stabilize the Ni. A comparison of the supported and substituted forms of Ni showed the
substituted form to have a weaker interaction with the pyrochlore surface, which is the likely cause
for the rapid sintering and deactivation by steam. It was also found that the substitution of more Sr
into the structure produced only strong basic sites, which resulted in a lower degree of activity loss
and more stable activity under high pressure conditions (1.8 MPa) compared to the catalyst with
less Sr. Carbon formation was not an issue for these materials, due to the rapid sintering and
oxidation of the metal in-situ. Fitting the Ni particle size growth with time showed a parabolic
relationship with growth proportional to time by the power 0.28. This value is close to results
observed in the literature which indicates the Ni agglomerates via atomic migration.
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Introduction
Recent advances in drilling technology and improved efficiencies have enabled the exploitation of
the vast amounts of natural gas resources trapped in various shale deposits across the United States.
The results have led to a dramatic increase in domestic supply, with total proven natural gas
reserves equaling around 338 trillion cubic feet (Tcf) in 2014 from 200 Tcf in 2005 [1]. In terms
of production, the contribution from shale has led to a 25% higher total output over this same time
period from roughly 17 Tcf in 2005 to 27 Tcf in 2014 [2]. According to the EIA outlook report
for 2017 [2], shale gas production currently accounts for about 50% of the total amount of natural
gas produced in the U.S., and is expected to more than double from the 2015 production value of
37.4 billion cubic feet per day (Bcf/d) to nearly 80 Bcf/d by 2040.

The growing availability of cheap and abundant natural gas has been accompanied by an increased
interest in its conversion into more useful and valuable fuels and chemicals. As methane is the
primary component of natural gas, the favorable economic climate provided by the readily
available supplies of natural gas, near term non-energy related utilization of natural gas resources
will undoubtedly be based on traditional reforming methods for its conversion, as they are mature
and well-developed production processes. Of the available reforming technologies, steam
reforming will continue to play an important role due to the flexibility for creating a synthesis gas
stream that can be used to produce several important industrial chemicals.

The steam reforming of methane (SMR) produces synthesis gas, a mixture of H2 and CO, which
is rich in hydrogen (Equation 1-1), and therefore makes it the preferred method for large scale
hydrogen production.

1

CH4 + H2O ↔ 3H2 + CO

ΔH=+206 kJ/mol

(1-1)

In the U.S., steam reforming of methane accounts for roughly 95% of hydrogen generation [3],
which is an important resource for many industries including ammonia synthesis for fertilizer
production, hydrotreating fuels for refining purposes, an energy source for fuel cells, and a
reducing gas for iron ore [4, 5]. The need for hydrogen generation will most certainly increase in
the future. The U.S. currently produces more than 3.8 Tcf of hydrogen annually [6], and these
numbers will rise as federal restrictions demand cleaner products from petrochemicals, increased
fertilizer production, and the burgeoning fuel cell market creates a need for hydrogen as an energy
carrier [7].

Synthesis gas produced by steam reforming is also the primary intermediate for industrial methanol
synthesis as well as other alcohols [4, 5]. Methanol by itself has its own derivative market, in
which it is a precursor to a number of chemical commodities like formaldehyde, acetic acid,
dimethyl ether, olefins, and liquid hydrocarbons. Gas to liquids (GTL) applications in which CH4
is converted into higher hydrocarbons from synthesis gas derived from SMR, is possible; however,
the H2/CO ratio needs to be close to 2, rather than 3 as produced by SMR. This can be achieved
through CO2 addition to the feed to reduce the H2/CO ratio into the desired range for fuels synthesis
and Fischer-Tropsch applications [4, 5].

The industrial steam reforming of methane is performed in large centralized plants, which are
tapped into currently existing natural gas pipelines. The reaction is performed at high temperatures
(>800°C) due to the endothermic heat of reaction, and elevated pressures, up to 3.5MPa, in order
more efficiently process the larger gas volume that occurs from the molar expansion of reactants
2

into products. By selecting different operating parameters (H2O/C ratio, pressure, and
yemperature), the resulting synthesis gas can be tailored to a composition that is desirable for
downstream applications. Some typical operating conditions for an industrial steam reformer are
shown in Table 1-1.
Table 1-1. General process conditions for the steam reforming of methane used for synthesis gas
generation for different applications. Taken from [5].
Process

H2O/C (molar)

P (MPa)

Texit (°C)

Ammonia synthesis

2.8-3.5

3.0-4.0

720-820

Methanol synthesis

1.5-2.0

3.0-4.5

700-750

Hydrogen

1.7-4.0

2.5-4.0

850-920

The major component for a steam reforming system is the catalyst. Therefore, long term hydrogen
generation depends on a catalyst that must be not only active and selective for synthesis gas (H2
and CO), but also resistant to deactivation. Supported Ni-based catalysts are traditionally used for
industrial steam reforming due to the tradeoff between cost and activity. As seen in Table 1-1,
the reforming conditions are rigorous. Operating for the time-on-stream required for industrial
reforming catalysts results in the deactivation of the Ni reforming catalyst through several wellknown interrelated mechanisms [8]. These include active surface area loss from thermal aging
and metal agglomeration, carbon accumulation, and, if present, sulfur poisoning [9].

Molar ratios of steam to carbon (S/C) that are typically used in commercial processes are on
average around 3-4. This ratio depends on many factors in the process, and can vary due to
feedstock quality, gas recovery, reformer capacity, and the overall balance of plant. Although high
amounts of steam do enable complete conversion of the methane, they are primarily used to
mitigate the undesirable side reactions which lead to carbon formation over the Ni catalyst [4].
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High rates of carbon accumulation deactivate the Ni reforming catalyst, and restrict flow through
the reformer. This leads to a loss of synthesis gas production and undesirable pressure buildup in
the reactor. In addition, carbon formation can cause uneven heat transfer rates and lead to hot spots
which could result in tube wall failure.

The National Energy Technology Lab (NETL) has developed pyrochlore-based oxides (A2B2O7)
for the reforming of liquid hydrocarbons into synthesis gas [10-16]. These materials are desirable
for their high chemical and thermal stability under the elevated temperatures and reducing
atmospheres of reforming. The pyrochlore structure can also be modified by the isomorphic
substitution of a wide variety of different metals, which enables the catalytic activity to be tailored
for many different fuels and operating conditions. Specifically, the substitution of the catalytically
active metal into the oxide lattice can provide stable and atomically dispersed crystallites that are
more resistant to deactivation by carbon and sulfur compared to traditional supported metal
catalysts [11, 13, 14]. The resistance to deactivation by carbon and sulfur can be further illustrated
in Figure 1-1. A Rh-based lanthanum zirconate pyrochlore catalyst exhibited near equilibrium
activity and selectivity to synthesis gas for over 1000h during the oxidative steam reforming (OSR)
of a commercial diesel fuel.
Although originally developed for the reforming of diesel fuel, it is possible the benefits provided
by the pyrochlore structure could be adapted and modified to produce similar activity, selectivity,
and stability of Ni metal for long term operation under SMR conditions. Moreover, pyrochlore
materials also have the potential to be applied to other catalytic applications for NETL, as
evidenced by their development for higher alcohol synthesis applications [17]. Therefore, the
continued study of these materials will help further the development, and understanding of the
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material properties which drive the catalytic activity, thus opening the potential for their
application as catalysts for other reactions.
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Figure 1-1. Reforming composition for OSR of diesel using Rh-substituted pyrochlore.
O/C=1.0, S/C=0.5, and WHSV=50,000 scc/gcat/h.

The framework of this thesis will consist of four main studies for the design and development of
Ni-based pyrochlores for the steam reforming of methane.


The effect of calcination temperature during catalyst synthesis will be evaluated to
determine its effect on the coordination of Ni in the pyrochlore structure as well as its
catalytic activity.



A supported Ni-pyrochlore versus a Ni-substituted material will be synthesized,
characterized, and tested to elucidate the difference in catalytic activity between a material
in which Ni has been substituted in the pyrochlore structure, versus a traditional material
in which the Ni has been deposited on the pyrochlore surface.
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The weight loading of Ni will be used as an independent variable, where three different
loadings of Ni will be substituted into the pyrochlore structure. This will be performed to
further examine the substitution limit of Ni in the pyrochlore structure, as well as to clarify
the impact of the amount of Ni that would be required to achieve the optimal activity and
selectivity while minimizing any deactivation that may occur.



The effect of Sr promotion will be evaluated to help improve the activity of Ni as well as
the resistance to deactivation that is observed during catalytic testing.



The operating conditions and temperatures for SMR promote the deactivation of the
catalyst through agglomeration of the Ni at the surface. The particle growth as a function
of time will be measured, and fitted to determine an expression that describes the observed
size increase as a function of time.
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Review of Literature
Hydrocarbon Reforming
The reforming of hydrocarbon fuels continues to be the most feasible method for synthesis gas
generation and hydrogen production. Many different fuels can be reformed using several different
oxidants, and their combinations, under a diverse range of temperatures to form a synthesis gas
product stream with a specific H2/CO ratio required for downstream applications. The main
reforming reactions are listed below in Equations 2-1 to 2-4, and are generally defined by the type
of oxidant selected for fuel conversion.
Steam Reforming (SR)
Cn Hm + nH2 O →

n H2 + nCO

+∆H

(2-1)

(-∆H)

(2-2)

Partial Oxidation (POX)
Cn Hm +

O2 →

H2 + nCO

Oxidative Steam Reforming (OSR)
Cn Hm + O 2

H2 + nCO ( ∆H)

H2 O →

(2-3)

Where x and y ≠ 0
Dry Reforming (DR)
Cn Hm +

CO2 →

H2 + n

CO

+∆H

(2-4)

Each reaction has its own advantages and limitations, some of which are summarized in Table 21. In a general sense, selecting the most useful reaction can be based upon some practical
assumptions, such as access to a certain oxidant, degree of thermal integration, synthesis gas
composition, and scale of operation.
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Disadvantages

Advantages

Reaction
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Requires CO2
source
Highly
endothermic heat
of reaction (>SR)
Carbon formation

Consumes two
greenhouse gases
Produces H2/CO
ratio near 1 which
is optimal for
fuels production

Dry Reforming
















Requires water
source
Requires air separator
to remove N2 for
large scale
applications
Requires a catalyst
that is active for both
oxidation and steam
reforming

Utilizes heat from
oxidation to offset
heat required from
steam reforming
Numerous O2 and
H2O combinations
provide a wide range
of H2/CO ratios in
syngas product
Fast start up
Capable of running
energy neutral
(Autothermal)
Excess steam can be
used to mitigate
carbon formation

Oxidative Steam Reforming

















Exothermic reaction
may produce
T>1000°C
Oxidation may
produce hot spots
which can degrade
catalytic material
quickly
Carbon formation not
easily mitigated by
excess oxygen
Requires air separator
to remove N2 for large
scale applications

Does not require water
Fast kinetics allows
for a rapid response to
transients during
operation
Fast start up time
Reformers are light
weight
Optimal for remote
and mobile
applications

Catalytic Partial Oxidation














Endothermic reaction
is heat transfer limited
Reactors tend to be
heavier to enable heat
transfer
Requires water source
Energy required for
steam vaporization

Produces highest H2
concentrations
Higher steam partial
pressures can be used
to mitigate carbon
formation
Favorable for
stationary applications

Steam Reforming

Table 2-1. A summary highlighting some of the advantages and disadvantages of the different
hydrocarbon reforming modes.

Steam Reforming (SR)
Steam reforming is the most widely-used and established reforming technology. As stated earlier,
SMR is used for the large-scale manufacturing of H2, and synthesis gas for methanol synthesis.
The main steam reforming reaction is highly endothermic, which therefore requires adequate heat
supplied to the reaction [18]. As a result, reactors tend to be limited by heat transfer, rather than
by kinetics [19]. Heat is transferred radially, via radiation from a furnace gas and a side wall fired
furnace [4]. Inlet temperatures to the catalyst bed are 400-650°C, and 800-950°C with pressures
greater than 2.5 MPa depending on the application. A commercial Ni catalyst in pellet form is
placed in the reactor tubes, which can have diameters of 10-15 cm and lengths of 10 to 13 m [18].
Reactions are run at rather low space velocities, gas hourly space velocity of 2000-4000h-1, with
steam-to-carbon ratios between 2.2-4.8 depending on the application [18].
Catalytic Partial Oxidation (CPOX)
In catalytic partial oxidation, a sub-stoichiometric amount of oxygen needed for combustion with
a hydrocarbon fuel is reacted over a catalyst to produce synthesis gas. Unlike steam reforming,
CPOX is highly exothermic, and proceeds with rapid kinetics at high temperatures. The CPOX
reaction is primarily conducted at temperatures between 700-1100°C, however with the heat of
reaction, gaseous temperatures are likely to reach well over 1000°C [19]. Due to fast kinetics, flow
rates, much higher than steam reforming, can be achieved. O/C ratios between 1.0-1.5 are typically
used, with values closer to one producing an H2/CO ratio of near two which is desirable for GTL
applications. Currently there are no examples of large CPOX based systems, but large scale
homogeneous POX has been used to produce hydrogen from residual oil for general refinery
operations [5]. CPOX has been tested on small scales, in developmental studies. The fast kinetics
provides for a rapid response to transients and upsets in the system, which makes CPOX-based
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reactors potentially desirable for mobile fuel cell applications, like SOFC auxiliary power units for
diesel trucks [11].

The exothermic heat of reaction of CPOX does create some scale up issues, which is why it is not
widely used industrially. Although there is still some debate over mechanism, it is has been fairlywell established that the reaction proceeds via a two-step process, where the combustion of the
fuel occurs at the top of the bed with available oxygen, followed by the steam reforming and dry
reforming of the remaining fuel [20]. The high temperatures of combustion pose a challenge
because they create hot spots which can damage reactor tubes, and cause sintering and deactivation
of the catalyst. Carbon formation is also an issue. In addition, excessively high temperatures can
also cause cracking of the fuels, which leads to carbon formation. In addition, for steam reforming,
carbon could be addressed by adding more steam. However, for CPOX, adding additional oxygen
would drive the product selectivity toward H2O and CO2. Therefore, kinetics must be nearly
perfect to gasify carbon at low O/C ratios. Another issue with CPOX is air separation. Pure oxygen
is generally required for large scale process, or else N2 dilution will occur due to recycling [4].
Oxidative Steam Reforming
The oxidative steam reforming (OSR) involves the conversion of the fuel with both steam and
oxygen together to produce synthesis gas. This reaction can generally be considered a combination
of CPOX and SR, with the heat of reaction being either positive or negative depending on the O/C
and S/C ratios that are used. A special condition exists, called autothermal reforming (ATR), in
which the heat produced during oxidation thermally balances the heat from steam reforming,
causing the overall reaction to have a neutral heat of reaction [19].
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Much like CPOX, an oxidative steam reformer operates in the temperature range between 9001150°C, with pressures between 0.1-8 MPa, and flow rates similar to CPOX (e.g. ms contact times)
[21]. Due to the presence of internally generated heat, OSR reactors are smaller than SR, but larger
than those for CPOX. The reactors are generally operated in two stages, with a combustion stage
first followed by endothermic steam reforming. The mechanism for OSR is believed to be similar
to CPOX [22], and therefore the reactions can cause hot spots in the reactor depending on the O/C
and S/C ratios. However, the H2/CO ratio of the synthesis gas can be readily adjusted by varying
the oxidant to fuel ratios, thus making it relatively easy to achieve the optimal ratio of 2 for GTL
applications. Therefore, many large methanol and synthetic fuels plants will use OSR rather than
SR [5]. Otherwise, OSR is limited to fuel reforming on scales required to produce H2 for kW sized
fuel cells [19].
Dry (CO2) Reforming
Dry reforming involves the conversion of both CO2 and CH4 into synthesis gas. The reaction is
desirable because it accomplishes the conversion of two greenhouse gases. However, the reaction
enthalpy is more strongly endothermic than steam reforming. Currently there are no large-scale
plants using the dry reforming of CH4 into synthesis gas. This is primarily due to issues with carbon
formation. However, the process is still highly sought after because of the favorable H2/CO ratio
of 2 that can be used for GTL applications. Reactions of dry reforming are performed at
temperatures between 800-1000°C, at CO2/C ratios greater than 1.5 to avoid carbon formation
[23].
Steam Reforming Thermodynamics
The steam reforming reaction is highly endothermic due to the conversion of two
thermodynamically stable reactants- steam and CH4. Synthesis gas formation is favorable due to a
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positive entropy that is created by the molar expansion of reactants into more products. According
to equilibrium chemistry, the conversion of CH4 should be performed under high temperatures,
high steam-to-carbon ratios, and low pressures to maximize fuel conversion [18]. Evaluating the
thermodynamics of the SMR reaction therefore provides useful insight into the effects of these
constraints on the product distribution, and ultimately the synthesis gas composition.
Understanding the effects of these independent variables can then be used in part as a guide for
system design by establishing optimal operating conditions, areas for thermal integration, and
catalyst evaluation.

Thermodynamic analysis of the SMR reaction was performed using HSC Thermodynamic
software [24]. Equilibrium product distributions were calculated using a minimization of the total
Gibbs free energy for the reaction system. This method has been widely applied for the
thermodynamic analysis for various fuels and reforming reactions [25-27]. A general description
of the methodology used for this calculation is shown below.

The total Gibbs free energy for a reaction system can be expressed by Equation 2-5:
∑

(2-5)

where Gt is the total Gibbs free energy, N is the total number of species, ni is the number of moles
of each species, μi is the chemical potential of each species, which is determined by Equation 2-6:
∆
∆

ln

is the standard molar Gibbs free energy of a gas,

system, and

(2-6)
is the fugacity of each species in the

represents the fugacity at standard state. For gas phase reactions, the fugacities are

determined by Equations 2-7 and 2-8:
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∅

(2-7)
(2-8)

where P is the system pressure, ∅ is the fugacity coefficient of a species, yi is the mole fraction
of a species, and P0 is standard state pressure (0.101 MPa). Substituting the defined variables
from Equations 2-6, 2-7, and 2-8 into Equation 5 gives the total Gibbs free energy of a system
with N components with ni moles of species as Equation 2-9:
∑

∆

ln

(2-9)

An atom balance constrains the specie moles ni by the conservation of the atomic species, which
gives the following expression in Equation 2-10 that must be satisfied:
∑

(2-10)

where aij are the number of gram-atoms of element j in a mole of molecule i, and n is the number
of elements present in the reaction mixture.
The Lagrange multiplier method can then be applied to Equation 2-9, which gives the following
Equation 2-11 to be minimized
∑

∆

ln

∑

(2-11)

where λ is the Lagrangian multiplier. For the equilibrium conditions to be attained, it is implied
that Gt=0, therefore equation 2-11 becomes:
∑

∆

ln

∑

0

(2-12)

Equation 2-12, and the constraining mole balance (Equation 2-10) are then solved
simultaneously to determine the equilibrium composition.
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Contributing Reactions
A more complete form of the SMR reaction including the most likely thermodynamically favorable
gas phase products is shown below in Equation 2-13.
↔

(2-13)

This reaction can be considered the global reaction governing the steam reforming process, where
the observed product distribution results from equilibrium driven sub-reactions occurring in series
and parallel with each other. Each reaction has its own intrinsic kinetic dependence on temperature,
and local species concentration in the reactor. The final synthesis gas reaction product distribution
is the net sum of all these reactions occurring in the catalyst bed.

There are two main reactions that are responsible for the selectivity towards synthesis gas during
steam reforming. The first is the endothermic steam reforming reaction, which involves the
reaction between steam and CH4 to form synthesis gas, as shown in Equation 2-14.
CH4 + H2O ↔ 3H2 + CO

∆

°

=206 kJ/mol

(2-14)

The other is the slightly exothermic water-gas-shift reaction (WGS), in which steam, and CO
react to produce additional H2 and CO2, shown in Equation 2-15.
CO + H2O ↔ H2 + CO2

∆

°

=-41 kJ/mol

(2-15)

Additional key side reactions can occur that involve the conversion of the main gaseous species
present (e.g. H2, CO, CO2, CH4, and H2O), and affect the selectivity towards synthesis gas. These
are shown below in Equations 2-16 to 2-19:
CH4 + CO2 ↔ 2H2 + 2CO

∆

°

14

=247 kJ/mol

(2-16)

CO + 3H2 ↔ CH4 + H2O

∆

°

=-206 kJ/mol

(2-17)

H2 + CO2 ↔ CO + H2O

∆

°

=41 kJ/mol

(2-18)

Reaction conditions for SMR can also promote the formation of carbon, which is an undesirable
reaction product. Carbon accumulation in the reactor can lead to catalyst deactivation, blockage
of pores, flow channeling, and increase pressure drop over the reactor. Listed below are several
possible routes for carbon formation in Equations 2-19 to 2-22.
Methane Decomposition
∆

°

=75 kJ/mol

(2-19)

∆

°

=-172 kJ/mol

(2-20)

CO + H2 ↔ C + H2O

∆

°

=-131 kJ/mol

(2-21)

CO2 + H2 ↔ C + H2O

∆

°

=-90 kJ/mol

(2-22)

CH4 ↔ C + 2H2
Boudouard Reaction
2CO ↔ CO2 + C
CO and CO2 Hydrogenation

Effect of Reaction Temperature
The equilibrium composition of a reformate stream produced from the SMR at an S/C of 2.0 is
shown in Figure 2-1. It can be seen that CH4 conversion becomes noticeable around 350°C and
complete conversion is reached around 800°C. The maximum concentration for H2 production is
also obtained near 800°C. The formation of carbon, which is designated as solid elemental carbon
(and uses properties of graphite), is not predicted at these conditions due to the excess steam
concentration. This is consistent with thermodynamic calculations by Li et al. [27]. It was
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determined that carbon was not favored by thermodynamics at all temperatures using a S/C greater
than 1.5, or at temperatures greater than 900°C when operating at a S/C less than 1.5.
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Figure 2-1. Effect of temperature on product distribution for the SMR at an S/C=2.0, and P=0.1
MPa. All products are gases except C(s). Calculations performed by HSC Chemistry v6.12 [24].
From the thermodynamic calculations, it is clear that a catalyst designed for the SMR reaction
must be able to withstand temperatures greater than 700°C to obtain not only complete conversion
of the fuel, but also a H2 concentration near the predicted maximum. Additionally, temperatures
in excess of 700°C ensure methane conversion in a regime that is thermodynamically carbon free,
and the kinetics are sufficiently high to promote the gasification of carbon to CO or CO2.
Effect of S/C Ratio
The molar ratio of steam-to-carbon is an important design variable to consider for this reaction.
Figures 2-2 and 2-3 illustrate the effect of increasing the S/C ratio on H2 production and CH4
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conversion. Higher amounts of H2 are produced with increased S/C ratios due to the higher steam
partial pressures enhancing the water gas shift reaction (Equation 2-15). An increased S/C ratio
also leads to higher methane conversion at a given temperature, as the reactions involving the
conversion of methane with steam become more favorable (Equation 2-14). For industrial
applications, the S/C ratio does depend on many factors in a process, and can vary due to feedstock
quality, gas recovery, reformer capacity, and the overall balance of plant. Although high amounts
of steam do enable complete conversion of the methane, as well as higher H2 production, they are
primarily required to mitigate the undesirable side reactions that can cause carbon formation on
the Ni reforming catalyst. Ratios of around 3.0-4.0 are typically used industrially to ensure carbon
formation is minimized.
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Figure 2-2. Equilibrium H2 production as a function of temperature for different molar S/C
ratios predicted for the SMR reaction. P= 0.1 MPa. Calculations performed by HSC Chemistry
v6.12 [24].
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Figure 2-3. Equilibrium CH4 conversion as a function of temperature for different molar S/C
ratios predicted for the SMR reaction. P= 0.1 MPa. Calculations performed by HSC Chemistry
v6.12 [24].
Effect of Pressure
The effect of reaction pressure on the SMR reaction at 800°C, and S/C=2.0 is shown in Figure 24. Increasing pressure is found to suppress the effect of temperature on conversion, and synthesis
gas production. As the pressure is increased, reactant compositions of H2O and CH4 increase in
the overall product distribution, while those for H2 and CO decrease. From Equation 2-14, it can
be seen that the main steam reforming reaction, which drives synthesis gas formation, is
accompanied by a molar expansion to products. Accordingly, the behavior observed in Figure 24 follows Le Chatelier’s principle, which states higher pressures favor the reaction equilibrium
direction with the least number of moles. CO2 production, however, remains constant over all
pressure as there is no increase in moles from the water gas shift reaction. Carbon formation is

18

also observed to be independent of pressure, and remains thermodynamically unfavorable at the
temperature and S/C ratio used for this analysis. Despite the undesirable effects on selectivity to
synthesis gas, it is economical to operate at higher pressures (~1.5-3.5 MPa) at larger scales (e.g.
industrial steam reforming) in order to save energy for compression of the larger gas volume [5].
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Figure 2-4. Effect of pressure on product distribution for the SMR at T=800°C, S/C=2.0. All
products are gases except C(s). Calculations performed by HSC Chemistry v6.12 [24].

Thermodynamics of Carbon Formation
Figure 2-5 demonstrates the formation of carbon predicted as a function of pressure, at a constant
S/C ratio and temperature. The thermodynamic potential to form carbon was found to favor lower
temperature, and lower S/C ratios. Specifically, the window for carbon formation resides between
S/C ratios ≤1.1, temperatures below 850°C, and pressures less than 1.13 MPa (11.3 bar). Increasing
the S/C ratio to 1.2 and above was found to thermodynamically prohibit carbon at all temperatures
and pressures shown in Figure 2-5.
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Figure 2-5. Thermodynamic assessment of carbon formation as a function of reaction pressure at
a constant S/C ratio and temperature. C(s) was used as the carbon species, and has the properties
of graphite. Calculations performed by HSC Chemistry v6.12 [24].
Carbon formation is an undesirable, but almost inevitable side reaction that accompanies the SMR
reaction. Assessing the energetics of the carbon forming reactions indicates that the Boudouard
(Equation 2-20) and CO/CO2 hydrogenation reactions (Equations 2-21 and 2-22) are exothermic,
and therefore limited to lower temperatures. It has also been found that these reactions prevail
under low H2/CO ratios [9]. Conversely, the CH4 decomposition reaction is endothermic, which
becomes favored at high methane partial pressures (low S/C ratios), and higher temperatures. A
conservative approach to ensure carbon-free operation would be to select conditions in which there
are no positions in the reactor where carbon would be favorable [18]. For a given fuel, temperature,
and pressure there exists a critical S/C ratio, below which carbon is thermodynamically favorable.
It is therefore prudent to identify this threshold, and operate at an actual S/C ratio as high as
practically possible- one which minimizes the extent of carbon formation, but maintains a
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reasonable impact on the energy requirements of the process. For example, high steam flows will
lead to higher operational costs due to a greater amount of heat needed for vaporization.
Reaction Mechanism and Kinetics
The reaction kinetics and mechanism of SMR has been the subject of numerous studies; however,
there is still no consensus on the route for synthesis gas formation. Despite the simplicity of the
overall reaction, there is a complex network of potential gas-surface, and surface-surface reactions
that can take place in parallel or series over the catalyst which could lead to conversion of the
steam, methane, and their adsorbed derivative intermediates into synthesis gas. Thermodynamic
restrictions limit the conversion of CH4 at low temperatures, and the endothermic heat of reaction
can lead to gradients within the bed where the catalyst surface temperature is lower than the bulk
gas. True (intrinsic) rate expressions also require evaluation at conditions absent of transport
effects, where the reactants reach the catalyst exterior surface and interior surfaces free of transport
resistances from the bulk fluid, or gas diffusion. Possible explanations for the inconsistencies in
the observed expressions likely arise from the use of different catalysts, assumptions made for the
reaction mechanism, as well as the wide range of operating conditions. Therefore, the possibility
arises that no one rate-limiting step may be suitable to generate an appropriate rate expression for
the overall reaction [4]. For example, according to Aparicio et al. [28] methane adsorption,
dehydrogenation, as well as the formation of adsorbed CO, and/or CO2 could all be slow steps.
The rate determining step was found to depend on the conditions, where one or more steps could
potentially be rate limiting at a certain condition.

The different kinetic models that have been reported for SMR in the literature are shown in Table
2-2. Reported kinetic expressions can be broadly classified into two categories depending on the
rate-determining step on which the model is based. The first suggests that the reaction between
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adsorbed carbon intermediates, and surface oxygen containing species is rate determining, and
therefore the partial pressures of steam and hydrogen are important, and can affect the reaction
rate [28-30]. Others have found that methane decomposition governs the overall rate, and the
reaction is first-order in CH4, and the reactivity of the metal towards C-H bond cleavage is rate
determining [31-35].

550-750°C

0.1-0.5MPa

Ni/MgO, Ru, Ir,

Pt, Rh/ZrO2
[32-35]

0.13MPa

Wei and Iglesia

r=kCH4

Mechanism too complex to determine
325-450°C
Ni/MgAl2O4

1
0.1MPa

Temkin [29]

[30]

Ni foil

470-700°C

0.3-1.5MPa

400-575°C
Ni/MgAl2O4
Xu and Froment

Authors

Catalyst

Conditions

1
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Aparicio [28]

1
1
.

Rate Expression

1

Table 2-2. Summary of different kinetic rate expressions for the steam reforming of CH4.

Early Models
Early kinetic models were derived from simplified mechanistic pathways which considered the
gaseous molecules reacted with adsorbed species through collisions (rather than dissociation). For
example, Temkin [29, 36] developed a kinetic model incorporating both the steam reforming, and
water gas shift reactions (Figure 2-6) occurring through gas collisions with H2O or CO with
adsorbed CH2 or O species respectively. The expression for Temkin shown in Table 2-2 is first
order in CH4 partial pressures, and found to be valid for temperatures less than 600°C. An
important step of the reaction was the dissociative adsorption of CH4, and therefore at low
pressures of H2 the expression could be simplified. Increasing H2 partial pressure was observed to
make the dissociation of CH4 reversible which resulted in an inhibition of the rate by H2. However,
an increase in the steam partial pressure promoted the gasification of the carbon intermediates, and
therefore resulted in an increase in conversion with high pressures of steam, and high pressures of
H2. Despite the simplicity the model can account for rate behaviors on partial pressures of the
reaction mixtures [36].
CH4 + * ↔ CH2 -* + H2
CH2 -* + H2 O↔CHOH-* + H2
CHOH-* ↔CO-* + H2
CO-* ↔CO+ *
H2 O+ * ↔O-* + H2
O-*+ CO ↔ CO2 + *
A: CH4 + H2O ↔ H2 + CO
B: H2O + CO ↔ H2 + CO2

Figure 2-6. Simplified mechanism for SMR used to develop a kinetic model by Temkin [29] to
develop the kinetic expression shown in Table 2-2. (*- is a catalytic adsorption site)
Surface Oxidation Rate Determining Step
Seminal work by Xu and Froment [30] developed the foundation for this surface oxidation
mechanism which many others have followed and modified [37-39]. They performed a kinetic
study over a Ni/MgAl2O4 catalyst in the temperature range of 500-575°C, pressures ranging 0.323

1.5 MPa, and S/C from 3-5. Three different rate expressions were proposed for the steam reforming
of methane into H2 and CO, or CO2, as well as the water gas shift reaction, based on the mechanism
shown in Figure 2-7. Each reaction was assumed to occur simultaneously, but independently, and
has its own slow step. Methane conversion was found to increase by increasing steam partial
pressures but higher H2 partial pressures resulted in lower methane conversions. Conversion was
observed to be dependent on surface coverage with oxygen, and was limited by the reaction
between the adsorbed carbon intermediates and oxygen as shown in Figure 2-7. The high
dependence on steam suggested the reaction order in terms of CH4 was much less than 1. However,
the proposed mechanism is not without issues. Rostrup-Nielsen et al. [4] suggested the decrease
in reaction order with steam as a function of increasing temperature implies an unlikely negative
heat of adsorption for steam. In addition, the model relies on adsorbed CH4 in a precursor state
which does not follow the currently understood mechanism in which the chemisorption of CH4
over Ni involves the direct breaking of the C-H bond with no adsorbed molecule as a precursor
[40].
H2 O+ * ↔ O-* + H2
CH4 + * ↔ CH4 -*
CH4 -*+ * ↔ CH3 -* + H-*
CH3 -*+ * ↔ CH2 -* + H-*
CH2 -*+ O-* ↔ CH2 O-* + *
CH2 O+ * ↔ CHO-* + H-*
CHO-* + * ↔ CO-* + H-*
CO-* + O-* ↔ CO2 -* + *
CHO-* + O-* ↔ CO2 -* + H-*
CO-* ↔ CO+ *
CO2 -* ↔ CO2 + *
2H-* ↔ H2 -* + *
H2 -* ↔ H2 + *

(R.D.S.)
(R.D.S.)
(R.D.S.)

A: CH4 + H2O ↔ H2 + CO
B: H2O + CO ↔ H2 + CO2
C: CH4 + H2O ↔ H2 + CO2

Figure 2-7. Assumed kinetic mechanism used by Xu and Froment [41] to develop the kinetic
expression shown in Table 2-2. (*- is a catalytic adsorption site)
24

Mechanistic details for this reaction pathway have also been provided by microkinetic modeling,
and by computational Density Functional Theory (DFT) simulations. Aparacio [28] used isotopic
studies to elucidate mechanistic information for the steam reforming reaction. The dissociation of
CH4 was found to occur by the dissociation into adsorbed CH3 and H. Steam was found to undergo
a reversible dissociate adsorption, with the formation of surface H, O, and OH species. As stated
earlier, the model was able to predict steps which may be slow, like the methane adsorption,
dehydrogenation, as well as CO/CO2 bond formation, but due to the complexity of the mechanism
an explicit kinetic expression was not able to be derived. However, the microkinetic model could
predict that the reaction rate becomes dependent on the rate of CO bond formation at high
temperatures (550-800°C). It also predicted that the dissociative adsorption of methane could,
under some conditions, be reversible. This observation could be an argument that the CH4
dissociation is not the rate-limiting step, at least not at all conditions. Meanwhile simulated
concentrations of intermediates using computation studies have shown that steps involving the CO
bond formation are kinetically important, where the availability of surface oxygen is rate
determining, and not the amount of carbon intermediates [37, 38].
CH4 Dissociation Rate Determining Step
Avetisov et al. [36] proposed a more elaborate kinetic model, which attempted to address the
drawbacks with the models posed by Temkin [29], Froment [30], and Aparicio [28]. The model
only considers the rate expressions for reactions of steam reforming to CO or CO2 (Figure 2-8),
containing the assumption that adsorbed species require only a single site. The issue with CH4
adsorption observed by Xu and Froment [30] was considered by the assumption that CH4
decomposition produces adsorbed CH3 fragments which occupy a large portion of the surface.
Their (Avetisov) mechanism also incorporated the result from Aparicio [28] in which water
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dissociatively adsorbs into OH, O, and H, rather than just O and H2 as was assumed to be the only
mechanism for water adsorption by the Temkin and Froment models. A step for adsorbed CO
interaction with adsorbed O to form CO2 was also included. The analysis showed that inclusion of
the CH3 fragments can have a have an impact on the reaction order of CH4, causing it to decrease
as a function of pressure. Water and hydrogen partial pressures were found to impact the reforming
rate by influencing the reverse of the respective reaction in which they are involved (e.g. high H2
partial pressures inhibit the reaction steps associated with CH4 decomposition). When operating
under conditions with large partial pressures of steam to hydrogen (>1), the reaction rate was
observed to be first order with respect to methane, with the dissociative adsorption of CH4 as the
rate-limiting step.
CH4 + 2* ↔ CH3 -* + H-*
CH3 -*+ * ↔ CH2 -* + H-*
CH2 -*+ * ↔ CH-* + H-*
CH-*+ * ↔ C-* + H-*
H2 O+ * ↔ OH-* + H-*
C-*+ OH-* ↔ COH-* + *
COH-* + * ↔ CO-* + H-*
CO-* ↔ CO + *
CO-* + O-* ↔ CO2 + 2*
OH-* + * ↔ O-* + H-*
2H-* ↔ H2 + 2*
A: CH4 + H2O ↔ H2 + CO
B: CH4 + H2O ↔ H2 + CO2

Figure 2-8. Mechanism used to develop the SMR rate expression by Avetisov et al. [36] (*- is a
catalytic adsorption site)
Further evidence to suggest CH4 decomposition as the rate limiting step can be observed in the
comprehensive experimental isotopic studies by Wei and Iglesia [31-35]. Both steam reforming
and CO2 reforming of CH4 were performed over different metals (Rh, Ru, Ni, and Pt) with varying
particles sizes. Their results showed that the reaction rate was proportional only to the CH4 partial
pressure, and independent of partial pressures of either oxidant- H2O, or CO2. The reaction rate
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was also determined to be affected only by the CH4 decomposition, and that the C-H bond
activation was rate-limiting and dependent on the reactivity of the metal. Further it was shown that
the C-H bond activation was irreversible, and the re-combinative desorption steps with H and OH
to form H2 or H2O were in quasi-equilibrium. The mechanism describing their proposed reaction
pathway is shown in Figure 2-9. These results have been validated experimentally, with a parity
plot showing the first-order dependence in CH4 over a commercial Ni catalyst and Rh perovskite
catalyst using a S/C=3 and temperature range 410-685°C shown by Zeppieri et al. [42].
CH4 + 2* ↔ CH3 -* + H-* (R.D.S.)
CH3 -*+ * ↔ CH2 -* + H-*
CH2 -*+ * ↔ CH-* + H-*
CH-*+ * ↔ C-* + H-*
CO2 -*+ 2-* ↔ CO-* + O-*
C-*+ O-* ↔ CO-* + *
CO-* ↔ CO + *
2H-* ↔ H2 + 2*
H-* + O-* ↔ OH-* + *
OH-* + H-* ↔ H2 O-* + *
H2 O-* ↔ H2 O + *

Figure 2-9. Example of the proposed reaction mechanisms for the steam/CO2 reforming of CH4
by Wei and Iglesia [31] used to develop the kinetic expression shown in Table 2-2. (*- is a
catalytic adsorption site)
Computation and experimental work by researchers at Haldor-Topsoe [43, 44] indicated a possible
two-step mechanism that proceeds with the kinetic barrier being not only the CH4 activation, but
also CO formation at low temperatures. The observed reaction scheme in Figure 2-10 illustrates
the DFT simulated effect of temperature on the SMR over Ni at standard conditions [43]. The
simulation predicts that an increase in temperature would produce an increased energy barrier for
the initial CH4 decomposition step, but a simultaneous decrease in the free energy barrier for CO.
This would imply a one-step mechanism dominates at high temperatures, and confirms the
observation of the rate-determining step proposed by Wei and Iglesia [45].
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Figure 2-10. DFT simulated temperature dependence of SMR over Ni at standard conditions.
Taken from Jones et al. [43].
Considering the agreement between the experimental and computational studies, the most likely
route for the steam reforming reaction mechanism proceeds via the route postulated by Wei and
Iglesia [31]- i.e. first order with respect to CH4, with the CH4 decomposition occurring irreversibly.
From a catalytic perspective, this would imply that a highly active metal is required to improve
the dissociation rates of CH4. However, the importance of the generation of surface oxygen species
is not to be minimized, and may also play an important role in the overall kinetics. Certainly, this
would be an issue in reactions where water adsorption would compete with CH4 adsorption for
active sites [37], as would be the case for inert support materials or an unsupported metal. As such,
water partial pressures would become highly relevant to the reaction rate, which would therefore
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necessitate facile water dissociation and intermediate surface diffusion properties into the catalyst
support (e.g. improved basicity) to reduce the competition for adsorption sites and any kinetic
inhibition of the reaction.
Catalyst Requirements for the Steam Reforming of Methane
The operating requirements for SMR catalyst are extreme. The high endothermic heat of reaction
requires significant heat fluxes to maintain high conversions. Temperatures in excess of 800°C
and pressures of ~ 3.0 MPa are utilized industrially, and lifetimes for catalysts are expected to be
on the order of 3 to 5 years for large-scale hydrogen plants [18]. While effective heat transfer is
highly important to minimize temperature gradients in the directions of heat flow, the activity of
the catalyst is just as important to reformer operation. It becomes especially critical for large-scale
applications for the catalyst to be as active as possible in order to extend reactor tube life by
maintaining low wall temperatures (cooling). The importance of catalytic activity has been shown
by Rostrup-Nielsen [18] in which for a given temperature difference over a tube wall, a higher
catalytic activity will provide a greater extent of reaction, and therefore lead to lower tube wall
temperatures. Key features which need to be considered when developing an active SMR catalyst
are listed below.

1) Reactivity for CH4 decomposition as well as oxidation reactions: As shown in the previous section
the initial H extraction from CH4 can be the rate limiting step, and likely depends on reactivity of
the metal. The metal must therefore have high activity to decompose CH4. Equally important are
the gasification reactions. Efficient and fast transport of adsorbed oxygen to the carbon will limit
the carbon accumulation by promoting its gasification to CO or CO2. These rates must be balanced,
otherwise the formation of carbon becomes an issue.
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2) Physically (or thermally) robust: Reforming temperatures can be as high as 900°C to obtain
maximum H2 yields and avoid carbon formation. Operating at these temperatures for extended
periods of time can cause loss of active surface area through sintering/agglomeration of the
catalytic metal, and decomposition of many of the support materials. Temperature cycling can also
take a physical toll on the catalyst material which can cause physical degradation.

3) Chemically robust: The catalyst must maintain structural integrity in both oxidizing and reducing
conditions while operating at high fuel conversion and synthesis gas selectivity for extended
lengths of time. The catalyst must also be resistant toward carbon formation, and possibly sulfur
poisoning. Both are pervasive problems in reforming processes, as carbon and sulfur can
irreversibly adsorb on active sites, reducing turnover frequency and eventually deactivating the
catalyst.

The effects of thermal deactivation by sintering and chemical deactivation by carbon formation
and sulfur poisoning (if present) are strongly interconnected with each other as illustrated in
Figure 2-11. The cluster size of a metal has been shown to influence both its activity and resistance
to deactivation. Metal clusters of smaller sizes are believed to contain a higher number of defects,
and therefore more kink and edge sites, which are believed to be the active sites [46]. Translating
this into activity, Wei and Iglesias [32] observed common metals like Pt, Ru, and Rh to have
greater CH4 turnover rates with smaller clusters. Ensemble effects due to the cluster size of the
active metal have also been shown to alter the deactivation mechanism by carbon and sulfur [4749]. Larger metal clusters are prone to have a much stronger interaction with carbon and sulfur as
they have a much higher electron density than smaller particles [48]. This allows them to form
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strong and often irreversible covalent bonds with the pi-electrons in the p-orbital of sulfur and
carbon.

Figure 2-11. Relationship between each deactivation phenomena and catalyst activity. Taken
from Sehested et al. [8].

CH4 as a Fuel
The steam reforming of methane is the oldest and most widely used reforming process. Despite a
favorable H/C atomic ratio (4/1) compared to other fuels, such as coal (~1.1/1), reforming of
methane is challenging due to the inherent refractory nature and symmetry of the molecule. The
energy required to dissociate the initial C-H bond to activate the methane molecule is quite high,
requiring 435 kJ/mol [50], thus necessitating the elevated reaction temperatures (700-900°C) to
achieve high conversion levels. These temperatures may be sufficiently high such that the products
of conversion could be more reactive than the methane itself [51].
Nickel as a Catalysts for SMR
Group VIII-Group X metals (iron, cobalt, and nickel Families) have all been widely studied for
SMR. Noble metals are generally more desirable catalytically due to their high activity and melting
points, with the latter enabling them to be more resistant to sintering. However, their main
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drawback is cost. The first-row transition metals are attractive because of their appreciable activity
and cost. Several studies [31-35, 43, 52] have attempted to evaluate the order of intrinsic activity
between these different metals for the steam reforming of CH4. It is generally regarded that Rh and
Ru are the most active, with Ni having a reactivity between these two, and the rest of the metals.
Using a combination of experimental and computational studies, Jones et al. [43] determined the
sequence of activity to be Rh, Ru>Ni>Pt>Pd>Co. Although nickel may not be the most active, the
evaluation and development of nickel-based catalysts for the SMR has been the focus of many
studies because of the favorable commercial aspects of Ni: inexpensive, widely available, and
appreciable activity. Other first-row transition metals like Fe and Co are also active, but both have
been found to suffer more readily from deactivation by oxidation of the metal under reforming
conditions.

The activity of Ni has been well studied both experimentally and computationally. Computational
simulations of have shown that CH4 decomposition, the key rate-limiting step, is
thermodynamically more favorable over Ni compared to other metals [53]. Bengaard et al. [54]
used DFT simulations to show activity could be related to the presence of step sites in the Ni
crystals. Figure 2-12 shows Ni(211) step sites are more reactive than the closely packed Ni(111)
sites for many of the reaction steps for synthesis gas formation. It is believed that the CH4 may be
activated on a single surface atom, but will stabilize on the highly coordinated step sites which
have a lower barrier for further CH4 dissociation [18].
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Figure 2-12. Energies for different intermediate steps over different Ni planes for the SMR. Taken
from Bengaard et al. [54].
Ni Sintering
Particle size is important to the activity for Ni, especially for the principal rate-limiting
decomposition of CH4 step. A study by Pinella et al. [55] found particles between 10-20nm to have
the highest turnover rates for the decomposition of CH4 into H2 and C. However, despite the
relatively high activity of Ni, the specific weight loadings of Ni are usually higher compared to
noble metals (lower turnover frequency) to obtain sufficient activity to reach equilibrium. Due to
transport limitations occurring in industrial reformers, the activity of a Ni catalyst is related to the
active metal surface area [44]. Thus, while higher metal loadings of Ni are possible due to its low
cost, sintering rates become a serious deactivation issue as they affect the overall reforming
reaction rate.
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Sintering is driven by the agglomeration of the metal into larger particles to minimize the surface
free energy [9]. Temperature, gaseous environment, metal dispersion, promoters, as well as
properties of the support like surface area, promoters, and pore size can all affect sintering rates of
Ni [9]. Obviously, temperature is one the most influential factors and it has been found to result
in exponential rates of particle growth. Oxidizing atmospheres, like steam as well as air, also
promote Ni sintering, while reducing gases like H2 can limit its growth [16]. Studies [8, 56] have
found two possible mechanisms that cause the agglomeration of supported Ni. These are atom
migration (Oswald ripening) and particle migration, also known as coalescence. The former is
described as the process in which metal adatoms or mobile molecular species are emitted from one
metal particle and are then captured by another cluster in close proximity, and the latter
corresponds to the mobility of metal particles moving in Brownian-like motion over the support
and colliding to produce larger particles [56]. Experimental studies have found that Ni undergoes
both mechanisms for sintering, with coalescence dominating at lower temperatures (<700°C), and
Oswald ripening dominating above these temperatures [56]. It is suggested the increased rate of
sintering is caused by the formation of Ni-OH species at the surface of Ni particles [57].
Carbon Formation over Ni
Carbon formation over Ni has also been well-characterized in the literature [8, 9, 58]. During
reforming, the morphology of the carbon species formed on Ni catalysts can have three main
forms: encapsulating, pyrolytic, and/or filamentous. Scanning electron microscopy (SEM) images
of each type of carbon formed over a Ni/MgAl2O4 catalyst are shown in Figure 2-13.
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Figure 2-13. SEM images illustrating the different carbon morphologies which form over a
Ni/MgAl2O4 catalyst: (A) Pyrolytic, (B) Encapsulating, and (C) Filamentous. Taken from
Sehested et al. [8].
The reasons for carbon formation can vary by conditions and fuel types, but generally they are
attributed to the imbalance between the kinetics of the CH4 decomposition, and carbon removal
by gasification or hydrogenation. For methane reforming, the majority of carbon formation occurs
on the catalyst surface, rather than from the gas phase, with the mechanism on supported metal
catalysts having been well-studied [9, 58, 59]. An explanation highlighting the different types of
carbon as well as the conditions that promote the formation of the respective carbon under steam
reforming conditions is shown in Table 2-3.

Carbon at the surface originates from the dissociative decomposition of the methane, which
produces a highly reactive adsorbed carbon species (Cα-adsorbed atomic carbon). Under steam
reforming conditions, most of this carbon is gasified, but some can be converted into a less reactive
form Cß by polymerization and rearrangement of the Cα. This type of carbon is considered to be
amorphous as it forms at lower temperatures, and is therefore more reactive. However, it can
encapsulate the metal particle under high rates of accumulation.

At elevated temperatures

(>650°C) these reactive forms of carbon become converted into a more ordered and stable
graphitic type of carbon (a.k.a pyrolytic carbon) that will also encapsulate the metal particle.
35

Table 2-3. Parameters observed to affect the formation of different carbon species formed over Ni
steam reforming catalysts. Taken from [9]
Encapsulating
Filamentous
Pyrolytic
Observed

Encapsulation of

No deactivation of Ni-

Encapsulation of the

Effects

the catalyst

surface; Breakdown of

catalyst particle;

particle;

catalyst and increasing

Deactivation and

progressive

ΔP

increasing ΔP

deactivation
Temperature

<500

>450

>600

Range (°C)
Critical

Low temperature

High temperature

High Temperature

Reaction

Low S/C ratio

Low S/C ratio

High void fraction

Parameters

Low H2/CH4 ratio

No enhanced H2O

Low S/C ratio

adsorption

High Pressure

Low activity

Acidic Catalyst

Another possibility is for the carbon to dissolve in the bulk of the Ni crystal. This type of carbon
is unique to Ni and other non-precious metals like Co [60, 61] because the carbon atoms are soluble
in the metal lattice through the formation of metal carbides [58]. The growth of carbon filaments
(a.k.a. whisker carbon) is believed to occur as adsorbed carbon atoms diffuse through large Ni
crystallites (>7nm [62]) and condense at the base, thus lifting the Ni particle off the surface,
forming the whisker [8, 9, 58]. Filaments are especially detrimental as they can accumulate in the
catalyst pores, leading to stresses and fracturing of the support, resulting in a physical breakdown
of the catalytic material [9]. The formation of whisker carbon is thought to be less favorable over
smaller particles potentially due to the increased saturation concentration for carbon in the Ni
lattice, which then minimizes the driving force for carbon diffusion through the Ni crystal [63].
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Support Materials
Supports are critical for catalytic activity of Ni, as they serve as a substrate for the dispersion of
the catalytic metal. However, they can also impart thermal stability through the interaction with
the metal. Beyond this function, there is conflicting evidence of whether supports play a role in
the reforming reactions. It has been argued that intrinsic activity of the metal is independent of
support type [64, 65], and is only dependent on dispersion [31, 66]. Meanwhile, others have found
chemical properties of the support to affect the turnover frequency, as well as deactivation of the
metal [67, 68]. Due to the many factors contributing to activity, between preparation methods,
thermal treatment, and testing environment, the direct comparison of the results from the role of
the support is difficult and inconclusive.

While the functionality of the support materials is debatable, it has been found that acidic supports
can promote carbon formation. The presence of acidic sites is known to enhance the
dehydrogenation reactions, which is necessary for CH4 dissociation [69]. However too much
acidity can lead to an imbalance in the rate of dehydrogenation and lead to the formation of carbon
forming precursors [9, 58]. Common support materials ranked in order of acidity are
Al2O3>ZrO2>TiO2>ZnO>SiO2>La2O3>MgO [70, 71]. Additionally, the particle size of a metal
may also be dependent on the strength of the support acidity. With directly comparable metal
loadings, supports with higher acid character produced smaller metal particles sizes which
improved ensemble control and resistance to carbon formation [72].

Basic sites may also serve an important function for steam reforming. As acidic sites promote
dehydrogenation reactions, the basic sites (Bronstead) are able to promote the formation of
adsorbed -OH groups on the surface which, when in close proximity to the catalytic metal, can
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assist with gasification of carbon [18]. It is common for basic components to be added to acidic
supports like alumina to help neutralize the Lewis acid sites that are responsible for the
dehydrogenation reactions. Potassium is commonly used to promote the reforming activity of
Ni/Al2O3 industrial catalysts, which occurs through enhanced water adsorption, as well as the
passivation of active sites by adsorption onto the step sites of Ni where carbon formation takes
place [44]. An alternative to alkaline promotion is the use of basic supports like MgO or La2O3 to
minimize the number of acid sites, leading to less of a need to modify surface sites which promote
the carbon forming side reactions.
Oxygen Conducting Supports
The types of oxides used to support Ni can be classified into reducible, or non-reducible [67]. Nonreducible oxides are the more traditional supports, like Al2O3, SiO2, and MgO, and have been
widely used due to their low cost and thermal stability. Oxides known to be reducible are those
used for semiconductor, and fuel cell applications. These mainly include CeO2, GdO2, Nb2O5,
Ta2O5, TiO2, and ZrO2. The functionality provided by these reducible oxides can be defined as
oxygen conductivity, or oxygen mobility, which is a beneficial feature that can reduce carbon
formation. These materials are characterized by their ability to have lattice oxygen ions participate
in the reforming reaction. This can be described as a self-cleaning mechanism in which the support
provides a localized oxygen supply at the surface to improve gasification rates of adsorbed carbon
on/near the active metal. Charge compensation produces oxygen vacancies in the oxide lattice to
maintain charge neutrality. These vacancies may be replenished by adsorbed O derived from steam
in the feed.

38

Issues with Traditional Supported Metal Catalysts
A metal deposited on a support has been the most traditional catalyst design, owing mostly to the
ease of preparation, as well as the effective use of the catalytic metal. As mentioned earlier
(Sections 2.4 and 2.4.1.1.1), the sintering issues with Ni, as well as the link between increasing
particle size and carbon formation have been well documented [8, 54, 56]. Therefore, significant
challenges exist to enable supported Ni based catalysts to remain active and selective to synthesis
gas under reforming conditions where several different interrelated mechanisms can cause
deactivation (see Figure 2-14). Importance must be given, then, to stabilizing the small Ni particles
in order to mitigate any adverse effects on catalyst activity.

Vaporizing

S poisoning
Agglomeration S S S S

C-deposit

Support Collapse
Catalyst Deactivation
Figure 2-14. Illustration of the different deactivation mechanisms that can affect supported Ni
catalysts during reforming.
Mixed Metal Oxides as Catalysts
Attempts to enhance the stability of supported Ni have been evaluated through preparation
methods, generating strong metal-support interactions, and the use of promotors, with varying
degrees of success [73-77]. However, mixed metal oxides have emerged as alternatives to the
traditional supported metal reforming catalyst to improve thermal stability, and control the size of
the catalytically active metal [78-81]. The Ni can be stabilized by incorporating it into the crystal
39

lattice through the formation of a solid solution, which contains Ni atoms residing in ordered
locations within the structure rather than on the surface. Different types of mixed metal oxides
have been evaluated to enhance the activity and stability of Ni during the reforming of not just
CH4 but other fuels as well. Although not comprehensive, common materials include fluorites
(AO2) [82, 83], perovskites (ABO3) [84-86], hexaaluminates (MO•6(Al2O3)) [87-89], and
pyrochlores (A2B2O7) [10, 14].
Lanthanum Zirconate Pyrochlores as Reforming Catalysts
Pyrochlore-type oxides, specifically lanthanum zirconate oxides, have been widely studied for
thermal barrier coatings for turbine blades [45, 90-92], as well as fuel cells [45, 90-93]. The same
properties that are desirable for these applications are also advantageous for reforming: thermal
stability under reducing atmosphere, electrical conductivity, and oxygen-ion mobility. A
pyrochlore has a general formula A2B2O7 which has a cubic crystalline arrangement. The A-site
is generally a trivalent lanthanide series element having an 8-fold coordination with oxygen, while
the B-site is a smaller tetravalent transition metal having a 6-fold oxygen coordination [94, 95].
The ability to predict whether a combination of elements may form the pyrochlore structure can
be determined by an empirical relationship between the ionic radius of the A and B-site cations.
An ionic radius ratio of RA(+3)/RB(+4) falling within the range of 1.46 to 1.8 suggests the favorable
formation of a pyrochlore [96].

Considering an ideal pyrochlore structure, A2B2O6O’, the cubic symmetry belongs to the Fd3m
space group. Imagining the B cation at the origin, A cations then occupy the 16d Wyckoff sites
with coordinates (1/2, 1/2, 1/2) in the unit cell, and the O’ anion is in the 8b site with coordinates
(3/8, 3/8, 3/8), with the remaining O anions located in the 48f Wyckoff site with coordinates (x,
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1/8, 1/8) [97, 98]. In its 8-fold coordination with oxygen, the A-site resides centered in a distorted
cube, with the B-site sitting in a distorted octahedral configuration with a 6-fold coordination [98].
The degree of distortion of the cubic or octahedral arrangement depends on the oxygen anion
parameter x [98]. When the x=(5/16), BO6 is a regular octahedron, and AO8 is a distorted cube.
Conversely, when x= (3/8), the AO8 is a perfect cube and the BO6 is an irregular octahedron.
Values for x for different pyrochlores compounds have been determined, and for La2Zr2O7 x=0.33
[98]. Given the +3 charge of the A-site, and the +4 charge of the B-site, there is an intrinsic oxygen
vacancy present in the pyrochlore structure. For a completely ordered pyrochlore, the 8a site is
vacant with the B-cation at the origin. The arrangement of the pyrochlore structure is demonstrated
in Figure 2-15.

Figure 2-15. Schematic representing pyrochlore structure. Taken from Besikiotis et al. [99].
Partial Substitution of Catalytic Metals into Lanthanum Zirconate
An unmodified pyrochlore has the potential to be active for reforming, assuming the B-site is
comprised entirely of a catalytic metal. For example, Ashcroft et al. [41, 100] found a Pr2Ru2O7
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pyrochlore to be highly active and selective for the CPOX of CH4 at an O/C =1 and 777°C.
However, post-run characterization found the catalyst to decompose to a Ru surface enriched
fluorite. As the degradation of this material occurred under the reducing conditions of reforming,
the catalyst which was originally a pyrochlore became essentially a supported metal catalyst.
Having the bulk of the metal concentrated on the surface rather than dispersed within the structure
increases the potential for agglomeration which can in turn lead to irreversible carbon formation
(see section 2.4.4). This was also observed for perovskite based catalysts in which Ni or Co were
the B-site cation (e.g. LaNiO3) during the autothermal reforming of gasoline [81]. The severe
reducing conditions were also found to decompose the oxide into a La2O3 with large Ni clusters
on the surface.

A possible strategy to minimize the catalyst decomposition is to partially substitute the active metal
into the B-site of the refractory La2Zr2O7 pyrochlore compound. Here only a limited amount of
the less reducible Zr (B-site component) pyrochlore structure will be replaced by the catalytically
active metal. This isomorphic substitution may create the small, well-dispersed metallic crystals
that are desirable for reforming. There are of course limitations to the partial substitution of oxides,
some of which are: 1) any substituted metal in the bulk is not accessible to the gas phase, and is
therefore not utilized; 2) solubility limits of the catalytic metal in the pyrochlore structure may
prevent the substitution of an adequate metal concentration needed to obtain desirable activity
without forming a secondary phase, or segregating to the surface.

Modifying the catalytic activity of the pyrochlore through the substitution of different metals into
the structure has proven effective in enhancing the activity and stability for reforming. Several
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studies by Haynes et al. [11, 13, 14] have found that different active metals (Ni, Ru, and Rh) can
be substituted into the structure of a La2Zr2O7 pyrochlore, and remain active for the CPOX of
higher hydrocarbons (e.g. diesel) while exhibiting greater tolerance to sulfur and carbon compared
to the same metals dispersed on γ-Al2O3. It was suggested that the pyrochlore offered better
dispersion, and therefore thermal stability, which improved activity and resistance to carbon in the
presence of the contaminants in the fuel.
Doping Promoters into the Pyrochlore Structure
Both the A-site and B-sites in the pyrochlore structure can be doped with other elements to tailor
the catalytic properties, and obtain high activity and resistance to deactivation by carbon and
sulfur. Having partial substitution in both sites results in a formula with a general composition A2xA’xB2-y-zB’yB”zO7-z.

(where A’ and B’’ are non-metal promoters, B’ is the catalytic metal).

Replacing some of the A-site element with a divalent cation has been shown to create structural
defects in the lattice, which may improve oxygen mobility [101] and help reduce carbon formation.
The acid-base nature of the dopant in the A-site may also play a role in limiting carbon formation.
Alkaline earth metals are often used as A-site dopants for pyrochlores, as they may provide
improved Lewis basicity, a property linked to suppression of carbon [80, 102], and act as an
acceptor dopant which provides oxygen vacancies in the structure due to their lower valence [94].

A computational study by Nyman et al. [94] determining the stability of 12 different dopants
(including all alkaline metals) in the La2Zr2O7 structure showed a correlation between their ionic
size and dopant location. They reasoned that the smaller dopants would prefer to occupy the
smaller Zr-site, and larger dopants the La-site in order to minimize lattice strain [94]. Further, Ca
or Sr substitution into the A-site would exhibit low vacancy attraction and efficient charge
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compensating effects on oxygen vacancy concentration meaning they would be desirable dopants
to enhance oxygen vacancy formation as well as ion-conductivity [94]. It should be noted,
however, that there are solubility limits to the addition of the alkaline metals into the structure, and
too high a loading will promote the formation of a secondary perovskite phase MZrO3 (M=alkaline
metal) [11] and limit the usefulness of forming oxygen vacancies. A study by Omata et al. [103]
characterized the substitution of the different alkaline metals into the structure of lanthanum
zirconate and found that solubility limits to be very low, ~0.1 at% for Mg and Ba, and ~0.5 at%
for Sr and Ca.

The importance of the partial substitution of La3+ with alkaline earth metals on reforming activity
was examined in a study by Haynes et al. [104] for the CPOX of a surrogate diesel fuel mixture at
900°C over a LaMZrRh (1wt% Rh) pyrochlore substituted with M=Mg, Ca, Sr, or Ba. The study
involved activity screening with three steps: first, n-tetradecane (TD) was used to establish baseline
activity, then at surrogate diesel fuel was added with TD and 5wt% 1-methylnaphthalene (MN)
and 50 ppmw dibenzothiophene (DBT) for 2h. The feed was then switched back to pure TD to
examine activity recovery. Although all catalysts had a decrease in activity once the MN and DBT
were added into the feed, Figure 2-16 demonstrates that the presence of any of the alkaline earth
metals in the structure helped mitigate the deactivation by the contaminants compared to the nonsubstituted LaZrRh material. It was also observed that the Ca, Sr, and Ba containing compounds
were able to recover to near initial activity once the MN and DBT were removed from the feed.
Deactivation was attributed to carbon formation, and it was indicated that the alkaline metal
substitution helped improve activity loss by improved oxygen-ion mobility that occurs at the
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elevated temperatures due to the replacement of La3+ with M2+, as well as improved basicity to
help gasify carbon.
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Figure 2-16. Effect of different alkaline metal substituted into a Rh-based LaMZrRh (M=Mg, Ca,
Sr, or Ba) pyrochlore on H2 yield produced during activity screening of a surrogate diesel fuel
mixture. Conditions T=900°C, O/C=1.2, P=0.18MPa, and WHSV=50,000 scc/gcat/h.
Catalytic Reforming Studies Using Pyrochlores
A literature survey of other studies using substituted pyrochlores found Parkhare et al. [15, 16,
105, 106] performed an extensive kinetic and mechanistic study of a substituted La2Zr2O7
pyrochlore for the dry reforming of CH4. Evaluation of the different catalytic metals, Pt, Rh, and
Ru via a temperature programmed surface reaction (TPSR) showed Ru was the most active by
initiating synthesis gas production at around 410°C compared to 460°C for Pt and 500°C for Rh
(2 wt%) [15, 16]. The high activity for Ru was believed to be due to the enrichment of the metal
at the surface, suggesting it has a low stability in the pyrochlore structure, something that has also
been seen by Haynes et al. [13]. However, synthesis gas yields over Rh remained stable during
the TPSR experiment up to 900°C, while those for both Pt and Ru decline after they peak at 700°C,
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indicating Rh to be the more robust dry reforming catalyst [15]. Kinetic and mechanistic studies
suggested a dual site mechanism over the Rh catalyst, with CH4 dissociation being the rate
determining step. It is speculated that CH4 dissociates on the metallic Rh sites, CO2 adsorbs as
carbonates on La2O3 sites, and carbon oxidation occurs at the Rh-La interfacial sites. Carbon from
the CH4 was oxidized over the catalyst by H2O created by the adsorption of CO2 on the surface
lanthanum via RWGS reaction [15].

The amount of catalytic metal that can be substituted into a pyrochlore material has been evaluated
by Weng et al. [107]. Varying amounts of Ru were substituted into a La2Ce2-xRuxO7 pyrochlore,
which were then characterized and tested for the autothermal reforming of ethanol at 400°C. XRD
results showed RuO to be visible at x>0.5, but evaluating the cell volume shrinkage as a function
of metal loading showed it to be linear for x≤0.35 (~5wt% Ru) suggesting the solubility limit of
the Ru [107]. Activity was found to be a function of the Ru loading, with a La2Ce1.8Ru0.2O7
material showing the highest production rate and ethanol conversion at 600°C and an O/C=1.67.
It was speculated that the high selectivity to hydrogen was attributed to the Ru/Ce ratio, where the
Ru in solution promoted more efficient water gas shift, while maintaining high conversion [107].
Although different factors can affect the solubility of the metal, (e.g. valence, ionic size) it can be
seen from this example that significant weight loadings, which can be necessary for catalytic
reforming applications can be soluble in the pyrochlore lattice.
Ni-based Pyrochlore Reforming Studies
Some studies have been performed by attempting to use the substitutional benefits of the
pyrochlore to stabilize Ni for reforming applications. Guar et al. [10] evaluated kinetic studies over
directly comparable atomic loadings of Rh and Ni in a lanthanum zirconate pyrochlore for the dry
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reforming CH4. Rh was shown to be more active and selective than Ni under an equimolar reactant
feed at 750°C, and also more resistant to carbon. They also observed the replacement of the La3+
with Ca2+ provided for less carbon formation than a non-Ca containing material for the Rh catalyst,
which provides further evidence for the promotional benefits of alkaline promotion for reforming,
and that the desired benefit may be applicable for other reforming conditions. Meanwhile Kumar
et al. [108] demonstrated a 1 wt% Ni substituted lanthanum zirconate pyrochlore to be active and
selective for the bi-reforming (H2O+CO2) of CH4 over a temperature range of 700-950°C. The
material was found to be robust, active, and stable for a cumulative period of over 170h on stream,
indicating the high temperature stability afforded to the catalytic metal by the pyrochlore under
reforming conditions.

Studies by Bussi and coworkers [109, 110] have shown a Ni-La-Zr pyrochlore solid solution for
the steam reforming of glycerol and ethanol, produced via the co-precipitation of nitrates with
oxalic acid, was a highly stable reforming catalyst. These materials showed high selectivitites to
synthesis gas at temperatures of 500-650°C. Deactivation was observed at lower temperatures due
to the formation of carbon. The formation of carbon observed here may suggest that the material
would probably need to be modified through at least alkaline metal substitution to improve long
term activity.
Objective
Currently, pyrochlore-based catalysts have been evaluated primarily for POX, OSR, and DRM
reactions. More specifically, Ni-based La2Zr2O7 pyrochlores, while having been validated to be
active and selective during the conversion of methane and other fuels to synthesis gas under
various reforming conditions, have not been studied for the steam reforming of CH4. It is
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speculated, however, that the attributes which made pyrochlore materials desirable catalysts for
the other reforming reactions, chemical and thermal stability, and resistance to carbon formation,
would be translatable and beneficial for the SMR reaction. Furthermore, it may be possible to take
advantage of the ability to tailor the activity through further doping to produce the required activity
and stability for long term operation under SMR conditions.
a. For the present study, both Sr and Ni are isomorphically substituted into the A
and B-site respectively of a La2Zr2O7 pyrochlore.
b. The catalyst is characterized by various methods to understand important
physical and chemical properties of the catalyst that may affect activity. Some
of which properties are Ni loading, crystal structure, composition, location of
dopants, and morphology.
c. Activity testing and post run characterization are performed to evaluate the
working state of the catalyst, how Ni may be deactivating under reaction
conditions (e.g. sintering, carbon, oxidation), and the effect Sr promotion may
have on the activity.
Several important aspects related to pyrochlore synthesis and composition are evaluated in this
study.
1. Calcination temperature is highly important to the activity of a catalyst. Here the effect of
final heating temperature on the position of Ni in the structure, and its effect on the activity
of the Ni are examined.
2. The activity of a substituted Ni is compared to that of a supported Ni in order to determine
the benefits of substitution as well as any differences between the activities.
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3. The amount of Ni substitution is evaluated to examine whether, and how the amount of Ni
affects catalytic activity. Varying the amount of Ni is used to confirm the results from the
calcination studies regarding the position of the Ni in the structure.
4. Given the numerous deactivation mechanisms that can affect Ni during reaction, it is unlikely
that substitution into the pyrochlore structure alone will mitigate deactivation. Therefore, the
addition of Sr either into the structure, or onto the surface is characterized and screened for
activity to determine its impact on the activity of Ni during SMR.
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Experimental Methods
Catalyst Synthesis Method
Pyrochlore catalysts were synthesized by a variation of the Pechini method [100]. The procedure
is illustrated below in Figure 3-1. Stoichiometric amounts of dissolved metal nitrates were
combined with an aqueous citric acid (CA) solution at a ratio of 1.2:1 CA to total metal ions. The
solution was stirred and heated to 70°C, at which point ethylene glycol (EG) was added (EG:CA
molar ratio=1). After EG addition, the solution was left stirring at 70°C to drive off water until a
clear viscous gel remained. The gel-containing beaker was placed in a heating mantle pre-heated
to 70°C. The temperature of the mantle was increased to 130°C to promote the polyesterfication
reaction between the citric acid and ethylene glycol. Once the reaction was complete, the precursor
material was dried over night at 130°C, and then crushed and calcined at the appropriate
temperature for 8h.
Dissolved nitrate
salts into DI water
(stirring)

Aqueous citric acid
solution
(1.2:1 CA/M ratio)

Heated stirring solution to 70°C
Added Ethylene Glycol
(1:1 EG/CA)
Stirring at 70°C for ~8 h
Transparent glassy resin
Polymerization in heating mantle at 130°C
Calcine for 8 h at 700-1000°C
Figure 3-1. Diagram depicting the procedure of the modified Pechini synthesis method used to
synthesize the pyrochlore catalysts.
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A supported 6% Ni/LSZ catalyst used to compare to the LSZN6 substituted material. The LSZ
support material was synthesized via the Pechini method describe above, and heated to 800°C, by
5°C/min for 1h. The appropriate amount of Ni in the form of Ni(NiO3)2 was dissolved in DI water,
and then added dropwise to the LSZ material. The Ni containing material was dried at 120°C, and
then calcined to 800°C by 5°C/min for 8h.

The Sr/LSZN6 (3.75 Ni/Sr molar ratio) was also produced by an incipient wetness impregnation
procedure. The desired amount of Sr(NO3)2 was dissolved in DI water and then added dropwise to
the LSZN6 material calcined at 900°C. The material was then dried at 120°C, and then calcined to
600°C by 5°C/min.
Catalyst Characterization
Inductively Coupled Plasma-Optical Mass Spectrometer (ICP-MS)
Compositional analysis of the pyrochlore samples was determined using a Perkin Elmer 300D
Nexion ICP-MS. 25 mg of sample was placed into a Teflon lined microwave vessel to which a
mixture 2:1 of H2SO4 and HNO3 was added by pipette. Samples digestion occurred in a highpressure microwave oven with a 30°C/min ramp to 145°C, or 180°C for 900°C, and 1000°C
calcined samples, and subsequent isothermal hold for 10 minutes. After dissolution, the samples
were washed into 50 ml centrifuge tubes, and diluted to 50 ml total volume. A blank run was
performed to determine baseline values for each component. The average of three blank readings
was subtracted from sample values.
BET Surface Area
Surface area measurements were performed using a Micromeritics ASAP 2020 instrument. 1.2g
of sample was used for each analysis, and the filler rod was placed in the sample tube to minimize
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volume due to the low surface area of the materials. Before analysis, the samples were pretreated
by a twostep process. First the samples were heated to 90°C by 10°C/min, while pressure was
evacuated at a rate of 10 mmHg/s down to 10μmHg. Once at pressure, the heat was increased to
300°C for 8h to degas any volatile components from the sample. BET measurements were
conducted using nitrogen adsorption at 77K. A 5-point, low surface area measurement was used
as the samples were anticipated to have surface areas <15m2/g. The range of P/Po ratio used for
these experiments was 0.07- 0.2.
Thermal Gravimetric Analysis (TGA)/Differential Thermal Analysis (DTA)
A TA Instruments SDT Q600 unit was used for simultaneous DTA-TGA analysis of the precursor
powers. 12.5mg of sample was placed into a sapphire crucible, and heated by 5°C/min from
ambient to 1000°C for 30 min. 50 sccm air purge was flown over the sample and blank reference
crucible. The instrument provided weight loss as well as heat flow as a function of time and
temperature. An online mass spectrometer was used to record concentrations of H2, O2, N2, CO,
CO2, and CH4.
Crystallographic Determination- X-Ray Diffraction (XRD)
Phase analysis of powder samples was examined using a PanAnalytical X’pert Pro X-Ray
diffraction system, model number PW 3040 Pro. The device consisted of a ceramic diffraction Xray tube containing Cu Kα radiation at a wave length of Kα 1.54184 Å. Power requirements during
operation were 45 kV and 40 mA. The divergence slit angle for the incident X-ray beam was set
to 0.5°, while using a 5-mm subnet mask, and anti-scatter slit of 1° for all scans. Scans were
performed with a 0.026°/s scan rate and a 120s step time. More detailed scans were performed
using a 0.013°/s scan rate and 400s step time. Jade v9.6 Materials Data Inc. was used for phase
identification and pattern analysis, as well as for peak fitting, and crystallite size determination.
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The Scherrer equation was used for crystallite size determination. High Score Plus was used to
determine the degree of crystallinity. For this calculation, 0.15g of sample was scanned over 2080° 2 theta range at 0.026°/s rate and 120s step time. A bending factor of 5, and granularity of 21
was used for background determination. The background for the most crystalline material, 1000°C
calcination temperature, was assumed to be the base line (i.e. denominator for the % crystallinity
calculation) with a crystallinity of 100%. As such, a constant background intensity for the obtained
scan of this material, using the defined background parameters was found to be 758.5 counts. The
scans for the 700-900°C materials each produced a background intensity, which when normalized
to the 785.5 count value gives the crystallinity % relative to the most crystalline material.
In-Siu XRD Studies
In-situ XRD was performed to evaluate the change in crystal structure of the Pechini derived
material during heating under conditions similar to those used for calcination. The sample was
placed in an 8mm alumina sample holder in an Anton Parr HTK 1200N high temperature oven
chamber. A TCU-1000N control unit, with a Eurotherm 2604 controller was used to control
temperature, which was measured by a thermocouple set below the sample holder. Prior to the
experiment, the Pechini material was heated to 400°C for 4h to remove carbon. This was required
due to the large degree of mass loss during calcination (~60 wt%), which would otherwise result
in void spaces in the sample holder, and result in exposing the alumina holder to the x-ray source.
Instruments settings were similar to those described earlier, as were the scan parameters- 0.026°/s
scan rate and a 120s step time. The heating profile was similar to calcination used for powder
preparation. A 5°C/min ramp rate was used to heat from ambient to 600°C where the first scan
was performed. The material was then heated incrementally by 5°C/min to 700-1000°C, with 6
isothermal scans performed at each temperature.
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Laser Raman
A Horiba Jobin Yvon LabRam laser Raman confocal microscope was used for the examination of
the metal oxygen bonds in the pyrochlore materials. All experiments were performed using a 532nm excitation wavelength which was focused with 20x magnification objective onto the sample.
The laser power exposed to the sample was controlled with a neutral density filter, which was set
to 25%. The scattered light reflected from the sample passed through a 400 µm confocal hole size
after reflecting off a 600-nm grating, and was detected by a charge coupled device (CCD) camera
with a spectral resolution of 1cm-1. Prior to each experiment, a beam alignment and instrument
calibration was performed on a poly-propylene NIST standard. Data was acquired and analyzed
using Horiba Labspec 6 software, with an acquisition time of 5s, and a beam accumulation time
of 10s over a 50-4000 cm-1 spectral range.
Temperature Programmed Reduction- TPR and H2 Pulse Chemisorption
The reducibility of the catalyst samples was assessed by H2 temperature programmed reduction
(TPR). The experiments were performed in a Micromeritics Autochem 2910 unit. To measure
concentration changes, the unit consisted of dual thermal conductivity detectors (TCD) to monitor
the change in thermal conductivity between the gas after it flows over the sample and a reference
gas stream. The catalyst samples were placed in a u-shaped quartz tube, and held in place by
quartz wool. A thermocouple was inserted axially down the tube and was placed in the middle of
the sample, or as close as possible depending on the sample size. Prior to reduction, the sample
underwent a drying treatment step to 200°C under an inert gas (Ar) to desorb any surface moisture.
Reduction behavior was examined from room temperature to 900°C under a 5% H2/Ar gas mixture
by a 5°C/min ramp. The samples were held at 900°C for 30 min. Following the isothermal hold,
the gas was switched to Ar for 15 minutes to remove any adsorbed hydrogen. The material was

54

then cooled to 50°C to perform the pulse chemisorption analysis. Once at temperature, Ar was
purged over the catalyst, while a 5% mixture of H2/Ar was introduced into a separate line with a
loop containing a known volume of 0.5573ml until the time of injection. Once the pulse was
initiated, the loop valve opened and the H2 gas mixture was forced over the sample by the Ar gas.
After dosing, the loop valve was closed, and the loop volume was purged with the 5% H2/Ar
mixture to prepare for another dose. The dosing process was repeated until the peaks areas were
equal. In analyzing the data, a 1:2 stoichiometric ratio of H2:metal was used.
TPR/Temperature Programmed Oxidation (TPO) Cycling Studies
The redox properties of the catalyst were evaluated in a Micromeritics Autochem 2910 unit. Prior
to reduction the samples were treated under a drying procedure to 200°C under Ar to remove any
surface moisture. The material then underwent a TPR procedure by flowing a 5% H2/Ar mixture,
and heating from ambient to 900°C by 5°C/min, followed by an isothermal hold at temperature for
30 min. While at 900°C, the gas was then changed to Ar for 15 minutes to desorb any hydrogen
attached to the surface. After cooling the sample to room temperature, the TPO procedure was
performed. For this treatment, a 2% O2/He gas mixture was passed over the catalyst while the
sample temperature was increased from ambient to 900°C by 5°C/min. Once at temperature, the
O2/He mixture was passed over the catalyst for 30 min. Next, the gas was switched to Ar for 15
minutes to desorb any excess oxygen adsorbed on the surface, and then cooled to room
temperature. The as described procedure details one redox cycle. The same TPR/TPO procedures
were then each performed two more times consecutively.
CO2 Temperature Programmed Desorption (TPD)
The CO2 TPD experiments were performed in a Micromeritics 2910 Autochem unit to evaluate
the basic properties of the pyrochlore surface. Prior to the TPD, the sample underwent a TPD in
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He to 250°C to remove any surface moisture. The sample was then cooled to ambient temperature,
at which point a 15% CO2/He gas mixture was passed over the catalyst for 1h. After exposure to
the CO2 containing gas, He was introduced, and purged over the catalyst for 15 minutes to remove
any weakly adsorbed CO2. Following the purging treatment, the temperature of the sample was
increased by 5°C/min to 900°C while maintaining the He flow over the sample. CO2 emitted as a
function of temperature was detected by the change in gas conductivity by a TCD.
Surface Composition – XPS/EDX
The XPS analysis was conducted using a PHI 5600ci instrument with a non-monochromatic Al
Kα X-ray source. The pass energy of the analyzer was 58.7 eV, and the scan step size was 0.125
eV. Binding energies were corrected to the C 1s peak at 284.6 eV. Elemental atomic
concentrations were calculated using sensitivity factors provided by the manufacturer.
X-Ray Absorption Near Edge Structure (XANES) and X-Ray Absorption Fine
Structure (EXAFS)
XANES and EXAFS studies of Ni substituted pyrochlore were taken at the Double Crystal
Monochromator (DCM) beamline at the Center for Advanced Microstructures and Devices
(CAMD), at Louisiana State University. The operating energy of CAMD is 1.3 GeV, with a typical
ring current between 50 and 150 mA. The measurements were performed at the High-Energy XRay Absorption Spectroscopy Beamline on an 11-pole, 7.5 T multi-pole wiggler. The edge was
calibrated to 8333eV, with a Ni foil. A NiO standard (99.9% metals basis, Sigma–Aldrich) was
used in this study. X-Ray absorption spectra were collected for the Ni K-edge in fluorescence
mode from -200eV below the edge to 14 KeV above the edge relative to the Ni K-edge energy.
The steps were 5 eV from -200eV to -30eV, 0.3 eV from -30eV to 30 eV around the edge, and
0.05k up to 14k. Fluorescence spectra were obtained with an 80mm2 Ketek silicon drift detector
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by averaging at least four to five scans. Spectra were analyzed with Athena in Demeter and
WinXAS.
Transmission Electron Microscope (TEM)
TEM imaging was performed at the Shared Research Facility at West Virginia University. Samples
were first sonicated in pure ethanol to disperse the powder. A drop of the powder slurry was then
placed onto a 200-mesh copper grid with a Carbon/Formvar film. Imaging was performing using
a working voltage of 200kV in a JEOL JEM-2100 TEM instrument.
Atom Probe
Atom probe measurements were performed on a LZN (no Sr) pyrochlore calcined at 1000°C by
CAMECA using a LEAP 5000 instrument. Due to cracks and voids in the as produced powder,
the surface was coated with Cr to minimize structural damage to sample while exposing the sample
to a Ga focused ion beam. The sample was mounted and roughly milled with a focused ion beam
(FIB) into a pointed shape. Cr was then sputtered onto the sample followed by an electrocoating
of Pt to fill the voids. The coated material was again exposed to the FIB to sharpen the tip into the
final shape.
Reactor Set-up
Catalyst testing was performed in a continuous-flow reactor (Autoclave Engineers, Model no.
BTRS Jr) (Figure 3-2). The reactor system consisted of a furnace, or hot box, that surrounded the
reactor components. The area contained within the box was heated by a convection heater to
285°C to vaporize the steam, and maintain constant temperature for inlet and product gases.
Catalysts were placed in an 8 mm i.d. reactor tube with an axially centered thermocouple. A split
tube furnace (Series 3210, Applied Test Systems, Inc.) encapsulated the reactor tube, and the
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temperature was controlled by a programmable controller (Eurotherm, Model no. 2416). The
catalyst bed was diluted with quartz sand (up to a volume of 3ml) having a similar particle size as
the catalyst, to minimize temperature gradients and channeling throughout the bed.

All gases were delivered to the reactor by Brooks mass flow controllers (model no. 5890E), while
the water was fed by an Isco syringe pump. Prior to entering the reactor, reactant gases passed
through pre-heating coils before combining and entering the reactor. The coils served to provide
a longer residence time in the hot box to ensure complete vaporization of the fuel and thorough
heating of the gases.
Vent
Thermocouple

PI

Ar
H2O

PI

MS

Fixed-Bed

Vent

MFC
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Pump
CH4
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Figure 3-2. Schematic of the plug-flow reactor system used for SMR catalyst testing.
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Temperature Programmed Surface Reaction (TPSR)
Temperature programmed surface reaction studies (TPSR) were performed to examine the change
in catalytic activity of the Ni-based materials with temperature. The experiment was designed to
assess the catalytic activity in the kinetic regime (e.g. high flow rates and dilute reactant
concentrations). Reactant flows were determined to be absent of transport effects from the mass
transport studies (See Appendix A). For the experiment, 0.48g of catalyst was loaded into the
reactor tube, and heated to 650°C under Ar. The reactant flows, shown in Table 3-1, were
introduced with a weight hourly space velocity (WHSV) of 125,000 scc/gcat/h, 79% Ar
concentration, and a S/C ratio of 2.0. Flows were run for 0.5h to establish a steady baseline activity.
The reaction temperature was then ramped from 650°C to 900°C at 2.5°C/min, and held at 900°C
for 30 minutes. After the isothermal hold, the reactor temperature was then cooled to 650°C by
2.5°C/min to determine any changes in activity. A carbon burn-off (see section 3.3.2) was
performed after the experiment on each catalyst to determine the amount of carbon that had
accumulated on the catalyst during the experiment.
Table 3-1. Conditions and flow rates used for the TPSR studies.
Inert Gas (Ar) Concentration

79%

S/C Ratio

2.0

WHSV

125,000 scc/gcat/h

Reactor Temperature

650-900°C

Pre-heat Temperature

285°C

Pressure

0.102 MPa

SMR Activity Screening Studies
The Ni-pyrochlore catalysts were also evaluated for the steam reforming activity under more
relevant flows rates, and reactant concentrations. The studies were also designed to evaluate the
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effect of pressure on catalyst activity. Two studies were performed with the exact same conditions,
see Table 3-2, but with a different overall system pressure. Low-pressure studies were performed
at the system pressure (0.23MPa), while the high-pressure experiments were performed at 1.8
MPa.
Table 3-2. Conditions used for SMR Activity Screening Studies.
Inert Gas (Ar) Concentration

25%

S/C Ratio

2.0

WHSV

50,000 scc/gcat/h

Temperature

800°C

Preheat Temperature

285°C

Pressure (Low P)*

0.23 MPa

Pressure (High P)

1.8 MPa

*system pressure was higher for the activity screening studies compare to the TPSR due to the
trim kit required to achieve the higher pressures.
Post-Run Carbon Analysis
After reforming experiments, a burn-off was performed to quantify the amount of carbon deposited
on the spent catalyst.

Following the conclusion of the reforming experiment, the reactor

temperature was held at 800°C, and purged with Ar until all product gases had been removed. A
mixture of air and Ar (12 vol% O2) was then passed over the catalyst. CO2 emission was measured
by an online mass spectrometer and indicated carbon removal. For the lower temperature SMR
experiments (TPSR), the reactor temperature was increased to 800°C, with no ramp rate, to ensure
complete carbon removal. The quantity of carbon was measured from the plot of CO2 emitted as a
function of time by integrating the area under the curve.
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Product Analysis
The dry gas products: H2, CO, CO2, CH4, and N2 were analyzed continuously by means of an
online Thermo Onix mass spectrometer (Model no. Prima δb, a 200 a.m.u. scanning magnetic
sector). Water was produced in these reactions, but was not measured analytically. Carbon
balances for all experiments were within 100±5%.
The carbon balance for SMR was calculated by Equation 3-1.
Carbon Balance (%) 

(CO  CO 2  CH 4 )
moles of CH 4 fed to the reactor

3-1

The conversion of methane for SMR was calculated by Equation 3-2.

Conversion (%) 

(Moles CH 4 in  Moles CH 4 out )
Moles CH 4 in

3-2

Sintering Modeling Studies
Ni activity loss can be commonly ascribed to the agglomeration of the Ni at the surface. Under
high pressures of steam especially, a fresh catalyst becomes can become completely deactivated
by rapid metal surface area loss. The sintering study is designed to evaluate and model the sintering
rate of the Ni in the pyrochlore material. For this study, the 6 wt% Ni- substituted LSZN pyrochlore
calcined at 900°C is run under the high-pressure conditions shown in Table 3-2 for varying
amounts of time (see Table 3-3). After each run time, the flows are stopped immediately, and the
reactor cooled to ambient (no burn-off) to ensure minimal changes to the Ni. XRD analysis is
performed on the spent material to determine the change in crystallite size. The resulting increase
in size of the Ni is then be plotted and fitted to determine an expression to describe the sintering
behavior.
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Table 3-3. Experimental run times for the high pressure SMR studies used to model Ni sintering
behavior.
Experiment Number Time on stream (h)
1

0.25

2

3

3

5

5

24
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Effect of Calcination Temperature
The calcination temperature of a catalytic material is a critical component of its synthesis
procedure. The temperature to which a material is heated can influence the important physical, and
chemical properties which are highly correlated to activity. These properties can include bulk or
surface composition, surface area, metal dispersion, as well as pore size. Furthermore, temperature
can be used as an indicator of dopant solubility in an oxide lattice, and as such, heating materials
at difference temperatures can elucidate the location of Ni in the pyrochlore structure. The focus
of this chapter is the characterization of the effect of calcination temperature on a Ni substituted
pyrochlore synthesized by a variation of the Pechini method. Specifically, the structure, chemistry,
and composition of the catalytic material will be examined to determine how aging at different
temperatures affects important physical and chemical properties related to the presence of Ni in
the structure. The characterization results will be used to describe behavior observed for the SMR.
Characterization Results Illustrating the Effect of Calcination Temperature on the
Material Properties of the LSZN6 Pyrochlore
Composition and BET Surface Area
Sample identification and ICP results are shown in Table 4-1 for all the materials evaluated in this
study. The Pechini method produces oxide powders with bulk compositions near their theoretical
values. BET results, also shown in Table 4-1, show that the Ni-containing powders produced by
this method and heating procedure have low, single digit BET surface areas. These low values are
to be expected, and are similar to those observed for procedures used to calcine La2Zr2O7 materials
produced by this method [17], as well as by others [110, 111]. The observed decline in surface
area with calcination temperature for a given material can be attributed to sintering. Calcining the
catalyst at 5°C/min for 8h decreases the specific surface area from 5.4 m2/g at 700°C to 1.9 m2/g

63

at 1000°C. This is due to pore collapse at these elevated temperatures, and is a common process
for these crystalline oxides.
Table 4-1. ICP and BET surface area results for pyrochlore powders.
Catalyst

BET

Composition (wt%)

Surface Area (m2/g) La

Sr

Ni

Zr

LSZN6 (T)

-

49.1

0.8

6.0 23.7

LSZN6-700

5.4

49.9

0.8

6.1 25.0

LSZN6-800

3.0

46.1

0.8

5.7 23.2

LSZN6-900

2.3

48.6

0.8

6.0 24.6

LSZN6-1000

1.9

50.5

0.8

6.0 25.6

LSZ (T)

-

LSZ-800

11.8

47.6 0.80

-

32.0

46.5

-

33.1

0.7

(T)- Theoretical Values

In addition, a direct comparison of the Ni-substituted lanthanum-strontium-zirconate material
calcined at 800°C (LSZN6-800) to the non-Ni doped lanthanum-strontium-zirconate also calcined
at 800°C (LSZ-800) material shows the presence of Ni results in a surface area that is ~4 times
smaller than the non-Ni containing pyrochlore. Yoshida et al. [112] observed a similar result while
doping Ni into Y2O3. The behavior was attributed to improved grain boundary and lattice diffusion
coefficients that arise from the presence of oxygen vacancies in the lattice from the Ni substitution.
With Ni present, accelerated sintering rates were achieved for their Y2O3, and sintering
temperatures were lowered by about 400°C compared to the non-Ni containing Y2O3 oxide. Based
on the behavior reported by Yoshida et al. [112], the lower surface areas for the Ni containing
pyrochlore can likely be attributed to the oxygen vacancies formed in the pyrochlore lattice due to
the replacement of Zr4+ by acceptor dopant Ni2+ leading to a material that is more dense, and has
a lower surface area compared to the non-Ni-doped samples.
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TGA/DSC
A TGA/DSC experiment was performed on the uncalcined precursor form of the LSZ and the
6wt%-LSZN materials (LSZN6), which contained the metal cations distributed within the organic
polyester framework. Figures 4-1 to 4-4 show the change in weight and heat flow vs. temperature,
along with the CO2 emitted as a function of temperature for the LSZ and LSZN6 respectively. The
profiles observed for the weight loss and heat flow are consistent with other materials produced
by this method [113]. It can be seen for both materials there are several steps that occur during
the calcination. Heating of the powder from room temperature to ~210°C produced a slight weight
loss that can be attributed to the charring of the material in which H and O species in the polyester
react to form water. The large weight loss and exotherms starting ~ 210°C can then be attributed
to the oxidation of carbon in the ester framework. A comparison of the heat flow to the CO2
produced, shown in Figures 4-2 and 4-4, corroborates the removal of a majority of the carbon
over this region. The presence of Ni was found to enhance the carbon burn-off, as the peak
temperature for carbon oxidation was shifted to ~383°C for LSZN6, vs 400°C for the LSZ. Two
other additional weight loss steps occur after the main oxidation for both materials. These appear
to be the removal of residual carbonate species, as evidenced by the CO2 formation, while the
temperatures are again shifted due to the presence of a catalytic metal in the material. From the
weight loss data, it can be interpreted that carbon is not completely removed, and therefore
calcination likely is not completed until at least 780°C for the LSZN6 material and at least 810°C
for the LSZ.

The heating profile for the LSZ does show a slight endothermic dip in the temperature range 600800°C, which is not observed in the LSZN6 heating profile. According to the literature, this could
be explained by the decarboxylation of La2CO5 [114]. The absence of this peak in the LSZN6
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would suggest that the presence of Ni in the precursor material leads to the gasification of the
carbon which would otherwise form the carbonate species with La.
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Figure 4-1. Weight loss and heat flow curves from the heating of the LSZ precursor powder from
ambient to 1000°C by 5°C/min in air.
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Figure 4-2. Temperature difference and CO2 curves produced during the heating of the LSZ
precursor from ambient to 1000°C by 5°C/min in air.
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Figure 4-3. Weight loss and heat flow curves from the heating of the LSZN6 precursor powder
from ambient to 1000°C by 5°C/min in air.
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Figure 4-4. Temperature difference and CO2 curves produced during the heating of the LSZN6
precursor from ambient to 1000°C by 5°C/min in air.
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XRD
XRD profiles for the non-Ni containing LSZ material are shown in Figure 4-5. It can be seen that
the material is still fairly amorphous at 700°C, with the most densely packed planes (220), (400),
(440), and (622) showing slight reflections. Once heated to 800°C, the material exhibits a
crystalline pattern that is indicative of the cubic La2Zr2O7 pyrochlore phase. It can be seen upon
further heating to 900°C and 1000°C the crystal peaks become sharper indicating an expected
increase in crystal grain growth and ordering.
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Figure 4-5. XRD profiles for the LSZ materials calcined at different temperatures for 8h.
XRD reflection patterns illustrating the effect of calcination temperature from 700 to 1000°C, and
1500°C on the crystal structure of LSZN6 materials are shown in Figure 4-6. The characteristic
peaks designating the pyrochlore structure are evident for all calcination temperatures. However,
the LSZN6 calcined at 700°C appears to be more ordered than the LSZ calcined at the same
temperature. This appears to be consistent with the BET data in which the presence of Ni elicits a
68

lower surface area due to improved cation mobility. Furthermore, it should be noted that the results
observed by the TGA/DTA experiment in the previous section showed that carbon remains after
calcination up to 700°C. Although not evident from Figure 4-6, an amorphous phase does exist
for this material indicating it is not fully calcined.
A comparison of the relative degree of crystallinity for the materials with the pattern for 1000°C
as the standard (either LSZ-1000 or LSZN6) demonstrates the low degree of crystallinity at the
lower calcination temperatures. Although the presence of Ni improves the relative degree of
crystallization (see Table 4-2) to 60% compared to 48.5% in the LSZ sample also calcined at
700°C, there is still a 45% improvement in crystallinity achieved at the next temperature measured
i.e. 800°C. However, the difference in the relative degree of crystallinity is only relevant at 700°C,
since there appears to be no significant difference in these values for the materials with, or without
Ni at the higher calcination temperatures (≥800°C).
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Figure 4-6. XRD profiles for the LSZN6 material calcined at different temperatures for 8h.
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Table 4-2. Crystallographic data including lattice constants, crystallite sizes, and degree of
crystallinity for un-substituted
Material

Lattice

Avg. Crystallite

Ni Crystallite

Degree of

Constant

Size (nm)

Size (nm)

Crystallinity (%)

(nm)
LSZ-700

-*

28.3

-

48.5

LSZ-800

10.789

31.6

-

87

LSZ-900

10.791

47.6

-

97

LSZ-1000

10.795

51.3

-

100

LSZN6-700

10.880

20.4

13

60

LSZN6-800

10.869

23.0

16

82

LSZN6-900

10.862

28.1

20

97

LSZN6-1000

10.809

52

21

100

LSZN6-1500

10.808

>100

21

-

LSZN6-800-

10.809

53.0

-

-

1000°C Inert
*Lattice parameter not able to be determined due to the low degree of crystallinity.
The XRD profiles in Figure 4-6 show the presence of a separate NiO phase at all calcination
temperatures. The presence of this phase indicates that, despite the similar ionic radius between
Ni, and Zr for a 6-fold coordination required for the B-site in the pyrochlore (Ni2+ 0.069 nm vs.
Zr4+ 0.072 nm [115]), the 6 wt% Ni loading in this study exceeds the solubility limit of the
pyrochlore. Bussi et al. [110] also noted the segregation of Ni to NiO in their NiLaZr materials,
which were produced by a co-precipitation method, and had similar calcination temperatures (700950°C), but a lower loading of Ni (4 wt%). Calcination temperatures of 900°C or greater show
peaks belonging to a tertiary phase, but heating to 1500°C was needed to promote significant cation
diffusion, and allow for the identification of this phase. It was found that the tertiary phase can be
attributed to a LaNiZrO6 rhombohedral double perovskite oxide (PDF# 00-044-0624). This phase
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was not observed for materials produced by Bussi et al. [110] over similar calcination
temperatures, likely due to differences in synthesis method, heating environments, and heating
times which affect the distribution and solid-state diffusion of the cations in the material. It can be
seen however, that the increase in calcination temperature leads to a sintering of the NiO on the
surface, as the average particle size increases from 13 nm at 700°C to ca. 21nm for a 1000°C
calcination temperature.

The lattice constants determined at room temperature for the Ni-containing pyrochlores, as well as
the Ni-free LSZ pyrochlores for the different calcination temperatures are shown in Table 4-2.
The presence of Ni leads to a larger lattice spacing for the materials calcined from 700-900°C
compared to the LSZ. The disparity can be attributed to the substitution of at least a portion of Ni
into the lattice of the pyrochlore. Ni can be assumed to be incorporated as Ni2+ into the pyrochlore
structure for Zr4+, which therefore produces 1 oxygen vacancy for every one Ni atom in order to
maintain charge neutrality [116]. Partial replacement of the Zr4+ with the smaller Ni2+ cation (Ni2+
0.069 nm vs. Zr4+ 0.072 nm) leads to a shrinkage of the overall d-spacing between planes, which
then shifts the pyrochlore peaks to higher two theta values. In response to the substitution of Ni,
the pyrochlore material will offset the charge imbalance created by the Ni2+ dopant though the
formation of oxygen vacancies in the lattice to maintain charge neutrality. Oxygen vacancies also
produce a shortened d-spacing distance between planes by introducing relaxations in the lattice
bonds around the vacancy causing it to be smaller than the oxygen ion [117]. Thus, the oxygen
vacancies introduced through Ni substitution also contribute to the increase in lattice parameter
size.
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As the lattice parameter shift is an aggregate response to the presence of Ni in the structure as well
as oxygen vacancies, this value alone cannot indicate Ni substitution with complete certainty.
Therefore, a separate experiment was conducted to determine whether the lattice shift was
attributable to Ni, and not just to oxygen vacancies that resulted as a response to the exsolution of
Ni out of the structure to maintain charge neutrality. To verify, qualitatively, that Ni was
responsible for a portion of the increase in lattice spacing, a LSZN6 material calcined at 800°C
was heated to 1000°C under inert gas (Ar) to minimize the potential filling of any oxygen vacancies
at the higher temperatures. In theory, the sintering of this material should drive the remaining Ni
out from the pyrochlore structure, and the lattice parameter should be similar to the LSZ-1000 and
LSZN6-1000. Otherwise, the lattice spacing should remain higher than these same materials, as
the driving force to fill the vacancies in the oxide lattice would be minimized under the inert
environment. It was revealed that heating under the inert environment produced a similar shift in
lattice parameter to that seen for the oxidized environment (see Table 4-2). This would suggest
that there is probably a small amount of Ni that remains in the pyrochlore structure at the lower
calcination temperatures (700-900°C).

The values of the lattice constant for the un-doped LSZ material demonstrate the expected trend
of increasing as a function of calcination temperature due to grain growth and crystallinity that
occurs to minimize surface area [118]. Meanwhile the Ni-substituted materials display the opposite
trend. Assuming the observed shift in lattice parameter is due to the Ni substitution, the magnitude
of the shift could be interpreted as having more Ni substitution, with lower calcination
temperatures exhibiting a higher solubility. However, the observed presence of NiO at all
temperatures, and the decrease in lattice constant for the LSZN6 materials as calcination
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temperature increases, would indicate that Ni does not readily dissolve in the bulk pyrochlore
structure. Morrissey et al. [116] observed a similar trend for Ni-substituted in yttria-stabilized
zirconia, and suggested that the sintering driven surface area shrinkage of the material leads to a
more inhomogeneous distribution of cations. This would suggest as the pyrochlore material
becomes increasingly more crystalline, the atomic level mixing decreases to one where Ni
occupies the surface and grain boundary regions as NiO, or at sufficiently high temperatures
dissolves into the bulk in the separate perovskite phase. It may also suggest that the solubility of
Ni in the structure could be dependent on the crystal grain size.

The presence of NiO, and the Ni in the pyrochlore crystal structure is also found to impact the
crystallite size of the pyrochlore. Grain sizes (see Table 4-2) determined for the Ni-containing
catalysts heated to 700-900°C are smaller than those for the LSZ heated to the same temperature.
It would appear the presence of the NiO at the surface and Ni2+ in solution hinders particle growth
due to either grain pinning, or solute drag, leading to smaller crystallite sizes compared to the LSZ
[119]. As the grains grow with increased calcination temperatures, the NiO particles sinter leading
to a lower cation diffusion resistance at the surface and grain boundaries. In addition, the Ni2+
cations in the pyrochlore exsolve, and diffuse to the surface and grain boundary regions [119]. As
grain growth increases with temperature, the maximum solubility in these regions is reached, and
the Ni is forced out of the structure, and into a more thermodynamically favorable phase- either
NiO or LaZrNiO6. At roughly 1000°C, it would appear the solubility limit of the pyrochlore grain
boundaries has been reached, and all the Ni is displaced from the pyrochlore lattice, as evidenced
by the similarities between the lattice constants for the LSZ and LSZN6 calcined at this
temperature.
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In-Situ XRD
The effect of heating on the change in crystal structure of the pyrochlore precursor material was
examined using an in-situ XRD hot stage. The results are shown in Figure 4-7. It can be see that
the Pechini powder is completely amorphous at the start of the experiment at 600°C, with no
observable NiO peak. However, once the material is heated to 700°C, crystallization begins within
the first 20 minutes (based on the scan rate). Peaks for the pyrochlore emerge for the most highly
packed planes (220), (440), and (622), along with the peak for NiO. The simultaneous formation
of the pyrochlore and NiO suggests that the induced ordering with temperature elicits the
segregation of a majority of the Ni to the surface as NiO. The emergence of the NiO is better
illustrated in Figure 4-8 which shows the crystallization occurring during the heating at 700°C
only. Peak fitting of the Ni was attempted to determine the growth of the Ni particles with
temperature, however the resolution of observed peaks in the Ni region was too noisy to obtain
reliable quantitative values.

Figure 4-7. In-situ XRD scans performed during the heating of the LSZN6 Pechini precursor
powder in air. Heating rate was 5°C/min, and each temperature was held isothermally for 2h.
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Figure 4-8. XRD scans taken during the in-situ heating of the precursor material between 600°C
to 700°C to demonstrate pyrochlore phase formation and segregation of the NiO phase. The
pattern shown at 600°C is the final scan taken during the 2h isothermal hold. All patterns are
shown for the isothermal hold at 700°C. The time (in minutes) indicated on the figure represents
the start of each scan.
Further heating of the material to 800 and 900°C leads to increased grain growth and crystallization
of the pyrochlore structure. This is demonstrated in Figure 4-9 by the increase in intensity of the
main pyrochlore peak, the (220) plane, as a function of increasing temperature. It can be seen in
Figure 4-9 that there is no similar shifting of this plane with increasing temperature from 700900°C, as was observed in Figure 4-6. Rietveld refinement of these peaks shows a lattice
parameter of roughly 10.948 nm for all scans up to 1000°C, which is higher than those shown in
Table 4-2. An additional in-situ study (not shown) was performed in which the precursor material
from the same batch was heated under the same conditions to 900°C and held for 12h. The results,
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shown in Table 4-3, indicate a decrease in lattice parameter with aging at temperature. This
confirms that the crystal growth occurring with aging at temperature is responsible for the decrease
in the Ni solubility within the pyrochlore lattice, and subsequent lattice expansion due to oxidation.

Figure 4-9. Close-up of (220) plane two theta region from Figure 4-7.
Table 4-3. Effect of aging time on lattice parameter for the LSZN6 pyrochlore at 900°C.
Aging Time (h) Lattice Parameter (nm)
1h

10.948

2h

10.948

4h

10.939

8h

10.929

12h

10.921
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The values shown in Table 4-3 are still higher than those taken at room temperature for the 900°C
calcined sample shown in Table 4-2. The other probable factor contributing to the lower values in
the lattice parameters is cooling effects. Decreasing temperature is known to cause a shrinkage in
the lattice parameter of the pyrochlore through a decrease in thermal expansion [113]. In addition,
there could also be the potential shrinkage as the material is cooled due to the segregation of
additional Ni cations which can have a misfit in the pyrochlore lattice in the surface and grain
boundary regions [120]. However, shifting of the (220) plane, as well as the other main pyrochlore
peaks, was observed once the temperature was increased to near 1000°C. As stated earlier, the
shifting of the pyrochlore peaks to higher two theta values, as demonstrated in Figure 4-9, points
to lattice shrinkage as the Ni becomes less coordinated within the pyrochlore structure and
migrates out of the structure to form a more thermodynamically favorable phase- either NiO or
La2NiZrO6.

The formation of the rhombohedral phase becomes evident roughly an hour into the isothermal
hold at 900°C. However, coinciding with the loss of Ni at 1000°C, there is a concomitant increase
in the intensity of the La2NiZrO6 phase suggesting the cation movement can become sufficiently
high to overcome the diffusional resistances for Ni to transition into to this phase from the NiO at
the surface as well as from the small amount of Ni remaining in the pyrochlore phase.
Raman
Laser Raman can be used as an analytical tool to compliment XRD data. As XRD provides
information primarily regarding cation ordering, Raman spectroscopy is able to detect metaloxygen bonds, and is therefore sensitive to changes in the oxygen sub-lattice. An ideal lanthanum
zirconate pyrochlore can have 6 Raman active modes, which result from 5 cation-anion vibrations,
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and 1 oxygen sub-lattice only vibration at the highest wavenumber [96, 121]. The vibrational
modes for the pyrochlore are represented as [122]:
12O(1)= A1g + Eg + 3T2g
2O(2)= T2g
Figure 4-10 shows the spectral profile for the Raman data on the non-Ni containing LSZ
pyrochlore. The obtained profiles are consistent with other studies evaluating the effect of
calcination temperature on lanthanum zirconate [121, 123]. Calcining the material at 700°C
produces a broad spectrum with a slight peak around 350 cm-1. This is believed to correspond to
the Raman active mode of the disordered fluorite phase, with the broad profile indicating the anions
are randomly ordered [121]. This is to be expected, considering the low degree of crystallinity
seen for the LSZ material at this temperature. Increasing calcination temperature produces sharper
peaks with better definition. Improved spectral features indicate a greater ordering of the oxygen
anion sub-lattice with temperature. The strongest and most characteristic peak at ~300 cm-1
becomes visible at 800°C, and is associated with the T2g mode designating the O(1)-Zr-O(1) bending
in the BO6 octahedral [96, 122]. Three other distinguishing bands also become noticeable at 398
cm-1, 498 cm-1, and 523cm-1. These are defined as the respective cation-anion bonds corresponding
to the 3T2g fluorite stretching bands, La-O(1), La-O(2), Zr-O(1) that have the different cation-anion
bonds which increase in bond strength [96, 122]. Other bands at 800 cm-1 (A1g), and 600 cm-1 (Eg)
were not observed for these materials, possibly due to the strong coupling of the octahedra in the
pyrochlore framework [122].
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Figure 4-10. Room temperature Raman spectra for the LSZ pyrochlore calcined at different
temperatures.
Raman results for the Ni-substituted pyrochlores are shown in Figure 4-11. The 700°C calcined
sample has a similar broad profile to the LSZ compound calcined at the same temperature.
However, considering the increase cation ordering seen in XRD, the presence of Ni produces
nearly the same disorder in the oxygen sub-lattice. Further heating, shows the materials
maintaining broad spectral features, compared to the respective LSZ material calcined at a similar
temperature. Only features related to the O-Zr-O and La-O become evident at high temperatures.
Band broadening is an indication of defects within the structure, and there could be two reasons
for this behavior in the LSZN6 profile. 1) the exsolution of the majority of Ni dispersed throughout
the precursor and pyrochlore phase to the surface as NiO during crystallization leads to the
formation of a large number of defects (e.g. point defects, oxygen vacancies, electron holes) in the
material to maintain charge neutrality, and 2) the presence of Ni in the structure produces oxygen
vacancies, and therefore a disordered anion sub-lattice. Non-stoichiometric materials with high
79

defect concentrations are able to have a greater sintering, and cation diffusion dependence on
oxygen partial pressure compared to the stoichiometric oxides. This behavior can be related to the
larger ionic radius of oxygen anions (0.14 nm compared to 0.072 nm for Zr or 0.116 nm for La)
causing diffusional resistances in the lattice which controls the sintering rate. Therefore, the
difference in profiles between LSZ and LSZN6 may be due to not only the presence of defects
with in the structure, but also the resistances from the transport of oxygen within the lattice. It
should be noted, however, that the main peak for the O-Zr-O bending remains at ~300cm-1, which
indicates the Ni does not influence the metal-oxygen bond strength. This is also true for the La-O.
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Figure 4-11. Room temperature Raman spectra for the LSZN6 pyrochlore calcined at different
temperatures.
XANES
The XANES data on the LSZN6 material heated to different temperatures (700-1000°C) are
presented in Figure 4-12. Also shown is a scan on a NiO reference material. The white line
intensity of the spectra for the NiO standard shows a K-edge energy of ca. 8345 eV, which
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indicates the Ni is in a divalent state. Each of the scans for the Ni substituted pyrochlore is found
to be nearly identical regardless of temperature. Furthermore, these peaks all have similar profiles
with peaks located at almost the same binding energies to the NiO, suggesting most of the Ni is
primarily in this form. Although some Ni was found to occupy the pyrochlore structure by XRD,
the results shown here confirm that the amount is small, and likely near the detection limit of this
technique ~ca. <0.05 wt% (or ~0.045 at%).

Figure 4-12. XANES spectra of the Ni K-edge region for LSZN6 calcined at 700 to 1000°C,
shown in comparison with a NiO standard.
XPS Results
XPS analysis was performed to determine the effects of sintering on the surface properties of the
Ni-pyrochlore. The spectra showed no significant qualitative difference in binding energy for the
regions of any of the components due to increasing calcination temperature, as shown in Figure
4-13 a-d. Binding energy results over these regions are also presented in Table 4-4 for all
materials.
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Figure 4-13. XPS spectra for the a) La 3d5, b) Zr 3d5, c) Ni 3p3, and d) Sr 3d5 binding energy
regions for the Ni-substituted lanthanum zirconate pyrochlore catalyst.
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Table 4-4. Effect of calcination temperature on binding energies for LSZN6, and unsubstituted
LSZ material calcined at 800°C.
Catalyst

Region (Binding Energy) eV
La 3d 5/2 La 3/2 Zr 3d Sr 3d

Ni 3p

LSZ-800

833.5

850.3

181.2 133.9 -

LSZN6-700

833.8

850.6

181.1 133.4 67.0

LSZN6-800

833.5

850.2

181.1 134.1 67.5

LSZN6-900

833.6

850.2

181.1 133.7 67.5

LSZN6-1000 833.8

850.3

180.8 133.0 67.2

The La 3d zone displayed the typical core line peaks at 833.5 eV and ~850.3 eV for all materials,
which are characteristic to the presence of trivalent La in an oxide environment [15, 124]. These
peaks were found to have a spin orbit splitting between the 3d5/2 and 3d3/2 of 16.8 eV, which is
to be expected for La in this state [106]. Accompanying the core lines are the 3d’5/2 and 3d’3/2
satellite peaks at 337.5 eV and 855 eV respectively. The Zr 3d peaks exhibit the typical 3d5/2 and
3d3/2 at 181.2 eV and 183.9 eV, which is an indication that Zr is tetravalent [15]. The spin orbital
splitting between the regions is ~2.7eV which is also in agreement with the literature [15]. A scan
over the Sr 3d region is able to detect the presence of Sr. However due to the low loading, ~0.5
at%, the determination of any qualitative or quantitative information regarding Sr is difficult.
Analysis of Ni also proved to be complicated due to the most intense peak for Ni in the 2p binding
energy region occurring at 855.1 eV, which overlaps with the La 3d3/2 peak [124, 125]. Obtaining
XPS spectra for Ni in La-Ni oxide systems has shown to be difficult due to the low signal observed
in this region even for materials with higher loadings of Ni (e.g. LaNiO3) compared to those used
here [125]. It is also possible to analyze the Ni 3p region to corroborate any change in Ni oxidation
state. For example, a study by Das et al. [126] was able to determine the Ni oxidation state from
the 3p region in the presence of La. However, they were likely able to achieve improved resolution
over this region compared to this study because their sample contained a greater amount of Ni (20
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at. % compared to 5.5 at% for the pyrochlore). From our measurement of the Ni 3p region, only
the presence of Ni2+ was detectable in all materials. However, it should be noted that the Ni signal
weakened due to the decline in Ni surface concentration with temperature from its migration into
the bulk (see below). As a result, a complete qualitative analysis regarding the oxidation state of
the Ni could not be reliably measured by this method (especially for materials calcined at higher
temperatures), but its quantification could be determined using the 3p region - shown in Figure 413c.
Quantification results of the surface concentration obtained via XPS analysis are shown in Table
4-5. For the unsubstituted LSZ material, the La and Zr are present in the expected ratio of 1/1 as
dictated by the pyrochlore stoichiometry. For the LSZN6 materials, the lowest calcination
temperature produces the most uniform surface concentration compared to the theoretical Nisubstituted pyrochlore formulation. It can be seen that an enrichment of La occurs at the surface
as the Zr/La ratio decreases with increasing calcination temperatures. The difference compared to
the theoretical value for the La/Zr ratio likely arises in part from the presence of excess NiO in the
material, which alters the stoichiometry and leads to an excess of La in the solid solution. It is
possible the La enrichment forms La2O3 phase, but it may only be limited to the top surface layers,
and therefore not detectible in the XRD scans. The La enrichment has been observed for LaNiO3
materials using XPS without an observable La2O3 phase seen in XRD [124].
Also, observed from these materials is a decrease in the Ni content with temperature. Overall the
700°C calcined material appears to have the most uniform composition (i.e. closest to theoretical).
However, increasing calcination temperature promoted Ni levels to decrease, which can be
attributable to two factors- 1) the sintering of Ni particles with increasing calcination temperature
leads to a lower surface coverage with Ni, which is consistent with the particle size increase via
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XRD, and 2) the decrease in both Ni/La and Ni/Zr levels suggests that higher calcination
temperatures causes the migration of Ni away from the surface and into the bulk of the material.
Table 4-5. Quantitative XPS results demonstrating the effect of calcination temperature on
surface composition.
Catalyst
Atomic Ratio
Zr/La Ni/La Ni/Zr
LSZ-800

1.06

-

-

LSZN6 (T)

0.736 0.289 0.393

LSZN6-700

0.687 0.207 0.301

LSZN6-800

0.674 0.183 0.271

LSZN6-900

0.653 0.166 0.254

LSZN6-1000 0.638 0.134 0.211
Temperature Programmed Reduction Results
A baseline temperature programmed reduction (TPR) was performed on the unsubstituted LSZ
calcined at 800°C to determine the reducibility of the pyrochlore structure (Figure 4-14). Two
small peaks are observed, one at 490°C, and a high temperature peak at 755°C, indicating there is
some H2 uptake. The H2 consumption appears to coincide with reduction of La2O2CO3 [127], with
the observed peaks due to the reduction of the oxycarbonate species in the surface, and bulk
respectively [77]. However, the overall consumption of H2 is low (~4.0ml/g), showing the non-Ni
containing material is mostly inert under reducing conditions. This is consistent with a TPR profile
for a lanthanum zirconate material produced by the same method and using a similar ramp rate,
and H2 concentration [17].
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Figure 4-14. Effect of calcination temperature on the reducibility of the LSZN6 pyrochlore
catalyst.

Figure 4.15 shows the effect of calcination temperature on the reduction profiles for the LSZN6
material. The TPR profile of the 700°C calcined sample shows a long, broad reduction profile with
a low temperature peak at 357°C, a high temperature peak at 700°C, and high temperature shoulder
at 780°C. The initial peak at 357°C is likely due to the H2 consumed by the reduction of the larger
NiO clusters on the surface [75], with the high-temperature peak attributed to the reduction of the
Ni residing within the remaining amorphous phase [110]. Meanwhile the high temperature
shoulder aligns with the last small exothermic peak seen in the TGA data (ca. 780°C), and is likely
a result CO2 removal from heating and H2 consumption due to the formation of oxygen vacancies
from crystallization of the remaining amorphous content [110]. Calcining further to 800°C, 900°C,
and 1000°C leads to a progressively-more reducible form of Ni owing to particle growth driven
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by sintering of the metal over the progressively lower surface areas. Thus, the decrease in reduction
temperature observed from 500°C to ~409°C for these materials is due to Ni particles increasing
in size, and having a weaker interaction with the support.
Small, low temperature peaks also appear at 322°C, and 334°C for the catalysts calcined at 900°C
and 1000°C, respectively. The reduction occurring here is indicative of NiO that has weak
interaction with the pyrochlore surface [128, 129]. The emergence of this type of Ni likely results
from the exsolution of some of the remaining Ni from the pyrochlore structure, as well as by
diffusion of Ni from the pores, and other structural changes related to the pyrochlore surface area
shrinkage from exposure to higher temperatures [130]. Further enhancing the low-temperature
reducibility may be the proximity of these Ni particles to oxygen vacancies at the pyrochlore
surface, and in the Ni particle itself. A study by Bellido et al. [131] suggests that when a metal
oxide (e.g. NiO) at the surface may has terminal oxygen from its metal cluster located on, or near
an oxygen vacancy, the strong affinity of oxygen vacancy for the terminal oxygen may then
weaken the metal-oxygen bond, resulting in a more facile reduction of the metal by H2. Meanwhile,
the oxygen content of the Ni particle, in addition to the interaction with the support may also
promote a lower reduction temperature. Ni reduction by H2 is initiated through the dissociation of
H2 on Ni atoms that are surrounding an oxygen vacancy in the Ni lattice [132], so Ni particles with
a high concentration of oxygen vacancies may be able to promote a lower temperature reduction
due to the presence a greater number of sites that can dissociate, and activate H2.
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Figure 4-15. TPR profiles for the LSZN6 pyrochlores calcined at different temperatures.
The 900°C and 1000°C calcined materials have high temperature reductions with maximums
occurring between 540-545°C. These peaks likely pertain to the reduction of the Ni containing
perovskite phase. The growth of this peak was found to increase in intensity between the two
temperatures, and correlates with the increase in Ni observed in this phase by XRD between these
two temperatures as well. A post TPR XRD on the 1000°C calcined sample (see Figure 4-16)
shows the pyrochlore phase to be stable under reducing conditions, and the only observable
structural change during reduction is occurring with the Ni phases. A decrease in intensity for the
La2ZrNiO6 phase can be seen as compared to the fresh catalyst in Figure 4-6, as well as a separate
La2O3 phase indicating a portion of the Ni associated with the perovskite phase is reduced during
the TPR. It can also be seen that a small peak pertaining to the La2NiZrO6 perovskite remains after
reduction to 900°C, showing this phase migrates to the bulk of the pyrochlore, and is difficult to
reach by the reducing gas.
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Figure 4-16. XRD of the LSZN6-1000 post TPR to 900°C.
Quantification of the H2 consumed during reduction shows that increasing the calcination
temperature produces a successively less reducible material (see Table 4-6). Comparing these
values to the theoretical value that assumes all Ni is present as NiO, indicates a greater amount of
H2 is consumed than if all the NiO was reduced to Ni0 for the 700°C, and 800°C calcined
pyrochlore materials. This can be explained by a partial reduction of a portion of the pyrochlore
oxide. However, at sufficiently high temperatures (~900°C) Ni also begins to form the La2NiZrO6
perovskite. The slightly higher uptake observed for the 900°C calcined sample, can therefore be
attributed to the reduction of the Ni associated with this phase. Meanwhile both the 1000°C and
the 1500°C calcined materials show a lower H2 uptake than the theoretical value assuming the
reduction for only NiO to Ni0, with the latter exhibiting only a very slight reduction. As seen in
Figure 4-6, most of the Ni occupies the perovskite phase when calcined at 1500°C. Yet, despite
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this phase being reducible (see Figure 4-15), the presence of the perovskite observed after
reduction suggests not only does the phase migrate into the bulk of the pyrochlore, but the
densification of the pyrochlore structure at higher temperatures can produce strong crystal bonds
which prevents H2 from reaching the Ni. This reduction behavior supports the results from the
XPS studies, which found lower concentration of Ni at the surface for the higher calcination
temperatures.
Table 4-6. Post TPR hydrogen consumption and lattice constant for the pyrochlore materials
calcined at different temperatures.
Material

H2

Lattice Parameter Post

Ni Particle Size Post

Consumption

Reduction to 900°C

Reduction (nm)

(ml/g)
LSZN6-T*

22.9

-

-

LSZN6-700

40.7

10.872

14

LSZN6-800

29.2

10.862

15

LSZN6-900

25.1

10.855

17

LSZN6-1000

17.9

10.811

15

LSZN6-1500

1.6

-

-

*Assuming all Ni is present as NiO and reduced to Ni0
XRD of the reduced samples was performed to determine whether reduction treatment had forced
Ni out of the structure. A shift remains in the lattice parameter (Table 4-6) for the 700-900°C
calcined materials. While this may be indicative of some Ni remaining in the structure, it becomes
difficult to determine because of the oxygen vacancies introduced into the structure through
reduction- especially for the 700°C and 800°C samples which saw H2 consumption due to
reduction of lattice oxygen. Ni particle size post reduction was also measured, and is shown in
Table 4-6. For the 700°C and 800°C calcined materials there was no measurable change in the Ni
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particle size compared to the fresh sample shown in Table 4-2. However, the 900°C and 1000°C
calcined samples had a decrease in average particle size from ca. 21nm, to 17nm and 15nm
respectively. While this may seem counterintuitive, the shrinkage can be attributed to the reduction
of the Ni in the perovskite phase which then disperses to the surface as smaller metal clusters.
TPR/TPO Redox Cycling
Three consecutive and identical TPRs were performed with 3 consecutive and alternating
temperature programmed oxidation (TPO) cycles to 900°C (Figure 4-17 a-d). This was performed
to evaluate the stability of the Ni at each calcination temperature through the reproducibility of its
reduction profile. The reducibility of Ni is reflected by several different factors, including strength
of support interaction, dispersion (cluster size), as well as its inclusion into the solid solution.
Qualitatively Figure 4-17 shows that while the second and third reduction profiles bear some
resemblance to the initial TPRs (other than the 700°C calcined material), it is evident the reduction
of Ni is not reversible, and is changing due to alterations in these factors brought about through
the cycling protocol. As observed in Table 4-7, the redox cycling produced a slight increase in
the average Ni crystallite size for all calcination temperatures compared to the initial TPR
treatment of the fresh materials shown in Table 4-6.
After the initial TPR, all materials are found to have a narrow reduction peak centered between
350-360°C. The formation of this peak can be attributed to the agglomeration of Ni into larger
particles. The narrow shape suggests a monotonic distribution, and the temperature reduction range
is consistent with a reduction of bulk Ni particle sizes >17nm and a weaker interaction with the
support [75]. The 1000°C material also has a large narrow peak at ~ 410C, which can also be
ascribed to the reduction of larger metal particles, but probably with a slightly stronger metalsupport interaction. Given the low surface area of this material, it can be seen that redox cycling
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leads to a large portion of the Ni residing as large clusters on the surface. Meanwhile the cycling
of the 700°C and 800°C calcined materials leads to a large portion of Ni that has a narrow reduction
range with a peak at 460-480°C. This can likely be ascribed to more dispersed Ni particles that
have a slightly stronger interaction with the pyrochlore surface. However, overall reduction
temperatures in this region are still considered a weak interaction compared to other materials
[133]. For the 900°C calcined sample the cycling produces a slight shrinkage in the peak over this
same temperature range, but reduction occurring here can also be attributed to the same type of
NiO.
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Figure 4-17. Effect of redox cycling on the reducibility of the LSZN6 materials calcined at
different temperatures. TPR profiles were obtained after alternating TPO cycles to 900°C. a)
LSZN6-700, b) LSZN6-800, c) LSZN6-900, d) LSZN6-1000.

Table 4-7. Ni crystallize size after redox cycling.
Calcination Temperature Ni Crystallite Size after 3 TPRs
700°C

20

800°C

18

900°C

19

1000°C

18

For the 900°C and 1000°C calcined materials, there is an increase in the reduction peak associated
with the perovskite phase. This could potentially be related to better cation diffusion that could be
achieved during the oxidation cycle under the 2%O2/He mixture. The reduced oxide likely has a
large number of defects; therefore, the solid-state diffusion of cations could be faster under a low
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partial pressure of air [120]. Therefore, the perovskite may be able to form slightly stronger crystal
bonds under the relatively inert gas used for this portion of the experiment.

It is also observed for all calcination temperatures, that redox cycling produced the formation of
small reduction peaks below 300°C. As stated earlier, Ni reduced at this temperature can be
attributed to particles that have very weak, or almost free interaction with the support. The repeated
temperature cycling, and redox environment likely induces structural changes to the pyrochlore
surface which draws Ni out from the pores and bulk to the surface. Furthermore, a high oxygen
vacancy concentration in the pyrochlore material and Ni particles themselves (see section 4.1.8)
may arise due to the use of the low concentration 2% O2/He gas during the oxidation cycles, which
can also facilitate reduction of Ni at these low temperatures.

The change in H2 consumption for each material during the redox cycling is shown in Table 4-8.
In general, the materials calcined at 700-900°C see a decrease in overall consumption. For the
materials heated to 700 and 800°C calcination temperatures especially, this is probably a result of
there being less oxygen reduced from the crystal lattice as the Ni achieves a weaker interaction
with the pyrochlore surface due to sintering. Interestingly, the 1000°C calcined material has a
slightly higher uptake of H2 with cycling. This is probably related to the increase in Ni that is
reducible in the refractory perovskite phase.

Overall, for the 700-900°C materials the H2

consumption after cycling indicates that almost all the NiO present is completely reducible to Ni0.
As the materials are cycled, the H2 consumption approaches the theoretical value for the reduction
of NiO to Ni0 (see Table 4-6).
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Table 4-8. H2 Consumption during the TPR cycling.
H2 Consumption (ml/g)
700°C 800°C 900°C 1000°C
TPR 1

40.7

32.1

23.7

18.2

TPR 2

24.8

25.0

22.6

20.0

TPR 3

24.8

23.4

22.5

21.0

CO2 Temperature Programmed Desorption (TPD)
A CO2 TPD was performed to evaluate the basic properties of the pyrochlore surface (see Figure
4-18). CO2 is used as a probe molecule because of its acidic character, and therefore its ability to
adsorb onto basic surface sites. The strength of the sites is then determined by the temperature at
which the CO2 desorbs during heating.

To establish a comparable interpretation, a CO2 TPD was also performed on a 6% Ni/α-Al2O3
baseline catalyst. The profile for the standard Ni/Al2O3 is consistent with the literature [134], and
shows two main peaks at 75°C and 392°C. These correspond to the weak, and medium basic
adsorption sites respectively [134], with the latter being the most common on the surface.

The 700°C calcined pyrochlore has a CO2 uptake that is much lower than the Ni/Al2O3 standard.
It shows two main peaks at ~ 360°C, and 490°C, which lie in the medium strength region of basic
sites. The lower quantity can be attributed to the substantially lower surface area for the pyrochlore
(≤ 5.4m2/g), resulting in fewer surface adsorption sites compared to the high surface area γ-Al2O3.
Increasing the calcination temperature to 1000°C results in the complete elimination of basic sites.
This reduction corresponds with the decrease in surface area that is roughly 2.7 times smaller than
the 700°C calcined material. The relatively inert surface of the pyrochlore, regardless of
calcination temperature, could present a challenge during steam reforming. Basic sites, especially
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Lewis sites, are important for generating hydroxide intermediates. However, as the support
becomes depleted of these basic sites by higher heating temperatures, the critical function for the
efficient activation of steam and subsequent transfer of the hydroxyls to the metal particle-support
interface becomes inhibited [135]. As a result, Ni metal becomes the primary site to promote the
decomposition of both steam and CH4 in order to achieve conversion.
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Figure 4-18. CO2 TPD results for the Ni/α-Al2O3 baseline catalyst, and LSNZ6 calcined at
700°C and 1000°C.
Effect of Calcination Temperature on Catalytic Activity
Temperature Programmed Surface Reaction (TPSR)
A temperature programmed surface reaction was performed to evaluate the effect of reaction
temperature on activity and selectivity of the catalyst. Results for the H2, CO, and CO2 product
formation, as well as CH4 conversion during experiment are shown in Figure 4-19 a-d respectively
for the LSZN6 700-900°C calcined materials. A TPSR experiment was performed on the 1000°C
calcined material (not shown), but no conversion to synthesis gas products was observed. The
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TPSR plots demonstrate the SMR activity of Ni in these materials is highly temperature sensitive,
whether it is during calcination, or under reaction conditions.
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Figure 4-19. SMR product distribution of a) H2, b) CO, c) CO2 and d) CH4 conversion during
the TPSR experiment over LSZN6 calcined at different temperatures. S/C=2.0, WHSV=128,000
scc/gcat/h, Ar=79%, P=0.18 MPa.
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The high feed dilution, and flow rates for the study were intended to evaluate the intrinsic activity
of materials as a function of temperature. From the activity profiles, it can be seen each material
displays qualitatively similar catalytic behavior, but quantitatively, the material exposed to the
lowest calcination temperature produces the highest activity, and selectivity to synthesis gas.
According to the XRD and XPS data, the most active material (LSZN6-700) is capable of
achieving a product distribution and CH4 conversion near equilibrium owing to a greater coverage
of the surface with smaller particles. Meanwhile, the subsequent decrease in overall activity and
selectivity for the 800°C and 900°C calcined samples can then be explained by the loss of active
Ni surface area through agglomeration. This trend in catalytic behavior for Ni has also been
reported by Wang et al. [136] for electrospun fibrous Ni/Al2O3 catalysts for the dry reforming of
CH4 at 500°C. Higher calcination temperatures (>700°C) were found to increase the Ni particle
size, which resulted in lower Ni dispersion and therefore lower reactivity.

The LSZN6 700°C and 800°C materials each show initial activity and selectivity at low
temperatures, indicating the presence of some small and highly activity Ni crystals. Upon heating,
both materials have the expected increase in selectivity to H2 and CO due to the increase in CH4
conversion. A slight decrease in the CO2 production is also observed due to the WGS reaction
becoming less favorable as temperature is increased. Meanwhile the LSZN6-900 requires
temperatures >850°C to initiate a small amount of total conversion that peaks at roughly 5%. Once
active, the material becomes selective only to H2 and CO2, no CO is observed. The absence of CO
for this material may be attributed to the faster kinetics of the WGS reaction.
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Increasing the reaction temperature was only observed to improve activity and selectivity for the
LSZN6 700°C and 800°C materials up to ~780°C. Further heating past this temperature to 900°C,
and through the isothermal hold at 900°C resulted in a continuous and rapid decline in activity.
The materials saw a corresponding decline in both H2 and CO production, and CH4 conversion at
the inflection point. CO2 production declined slightly, but still followed the trend for equilibrium
which suggests the sites responsible for WGS were affected less by the deactivation occurring.
Upon cool down, the effect of the higher reaction temperatures led to an irreversible loss of SMR
activity for the Ni, as the selectivity to synthesis gas, and CH4 conversion declined rapidly to levels
that were lower than during the heat-up portion of the experiment. At the end of the study, the
catalytic activity for all catalysts was negligible.
A post run burn-off was performed to determine carbon formation. These values are shown in
Table 4-9 for each material. Overall the amount of carbon observed is not significant enough to
attribute the deactivation to carbon formation, as others have observed greater than ca. 20% carbon
formed relative to the weight of the catalyst after reforming experiments, and still observed stable
catalytic activity [137]. A study by King et al. [138] reported similar catalytic behavior during the
SMR over Ni-YSZ at 700°C, S/C= 3.0 and SV= 342,000 scc/gcat/h. CH4 conversion was observed
to decline with time until leveling out around 9% after 120 hours. A separate experiment varying
the S/C ratio from 15/1 to 5/1 ruled out carbon formation and indicated the sintering of the Ni was
responsible for the activity loss. Similarly, the cause for activity loss of the Ni-pyrochlores during
the TPSR can likely be attributed to sintering.
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Table 4-9. Carbon formed during the SMR TPSR experiments.
Carbon (gcarbon/gcatalyst)
LSZN6-700

0.01

LSZN6-800

0.03

LSZN6-900

0.04

As seen in the TPD experiments, the pyrochlore has very few basic sites, which means that the
steam and CH4 both compete for adsorption on the Ni surface. Sehested et al. [56] found Ni to
readily sinter through the formation of OH adsorbed species on the Ni at temperatures and
pressures greater than 700°C and 0.1 MPa. Therefore, as Ni is the primary adsorption site for steam
activation on the pyrochlore surface, the probability for Ni-OH formation increases, and would
produce rapid particle growth at higher temperatures. The larger Ni particles suffer from a lower
turnover frequency, which, combined with the higher partial pressures for steam in the reactant
gas leads to a competitive advantage for surface adsoprtion, and results in kinetic inhibition of the
active sites for CH4 conversion. The steam occupies Ni sites and prevents the decomposition of
CH4, leading to a deactivation of catalytic activity. A post run XRD shown in Figure 4-20 confirms
particle growth during the TPSR for the LSZN6-700C catalyst increases from ca. 13 nm to ca. 20
nm after reaction. It also shows that the Ni remains in the reduced state, which in the absence of
carbon, indicates the deactivation results from Ni particle growth. However, deactivation is not
due to the formation of Ni oxide, but likely an amorphous oxide layer at the surface that is not
detectable by XRD.
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Figure 4-20. XRD profiles of LSZN6 calcined at 700°C fresh material versus post-run TPSR
S/C=2.0, WHSV=128,000 scc/gcat/h, Ar=79%, P=0.102 MPa.
SMR Activity Screening
Equilibrium
The screening studies were designed to expose the materials to a rigorous series of tests to assess
the durability of the Ni-substituted pyrochlore catalysts under a more traditional set of SMR
conditions. Initially the catalysts were evaluated at 800°C, WHSV=50,000 scc/gcat/h, S/C=2, and
system pressure (0.23 MPa) for 24h. The catalyst then underwent a post-run burnoff at 800°C to
assess carbon formation, and was then operated under the same flows and temperatures, but at high
pressure (P=1.8 MPa) for another 24h. Equilibrium product compositions for both conditions were
determined by HSC Chemistry thermodynamic software [24], and the calculated results are shown
below in Table 4-10. It should be noted that higher pressures inhibit the reforming rate by limiting
the molar expansion of reactants into products, thereby leading to a reduction in the overall
conversion of CH4.
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Table 4-10. Thermodynamic product distributions for the SMR conditions used in this study
T=800°C, WHSV= 50,000 scc/gcat/g, and S/C=2.0 as determined by HSC Chemistry [24].
Equilibrium Composition (%)
Product system (0.23 MPa)

1.8 MPa

H2

61.5

52.8

CO

15.1

10.4

CO2

4.0

5.4

CH4

0.1

7.8

Low Pressure
Figure 4-21 reveals the effect of calcination temperature on the activity of the Ni for the low
pressure SMR experiments. Upon introduction of the reactants, the conversion and selectivity were
initially high for all materials. However, the initial activity was not stable, and further reaction
produced a change in activity over each material with the same general trend- a decline in
selectivity to synthesis gas and methane conversion, followed by an activity recovery.
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Figure 4-21. Experimental results from the SMR studies at low pressure over the LSZN6
pyrochlore catalysts demonstrating the effect of calcination temperature on activity. a) 700°C
b) 800°C, c) 900°C, d) 1000°C. T=800°C, P=0.23MPa, S/C=2.0, and WHSV= 50,000 scc/gcat/h.
The characterization results showed that Ni is primarily residing on the surface of the pyrochlore
as clusters. As seen in the TPSR experiments, the surface Ni is responsible for activity, and readily
sinters under the reaction atmospheres and temperatures (>780°C), which leads to a deactivation
due to a kinetic inhibition by steam. The observed decline in activity for each of these materials
can therefore, similarly be attributed to the sintering of the Ni metal, and a decline in turnover due
to particle growth and subsequent kinetic inhibition by steam. A trend is observed in the magnitude
of the decline which appears to correlate to the initial particle size of the fresh Ni. To confirm that
the observed behavior was related to sintering, the 700°C and 800°C calcined samples were run
for ~3 hours until the lowest point in the activity drop was achieved. The samples were removed
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and examined by XRD to observe particle growth. Table 4-11 confirms the particle growth during
this time. Also shown is the Ni particle size after 24h on stream. It can be seen that after the initial
particle growth the Ni crystallite size becomes somewhat stabilized in the range of 25-31 nm.
Table 4-11. Ni particle size growth during the SMR activity screening studies. T=800°C, S/C=2.0,
P=0.18MPa, WHSV= 50,000 scc/gcat/h.
Calcination

Ni Crystallite Size

Ni Crystallite Size

Ni Crystallite Size

Temperature

(Fresh) nm

after 3 h (nm)

after 24h (nm)

700°C

13

24

25

800°C

16

24

28

900°C

20

n.m.

28

1000°C

21

n.m.

31

n.m.-not measured
The sintering related deactivation does appear to be reversible for the 700-900°C materials. After
roughly 3h time on stream the CH4 conversion and selectivity to synthesis gas for these materials
recovers to near equilibrium values. However, for the 1000°C calcined material, the activity loss
was not reversible. The limited activity recovery is probably due to the large Ni particles becoming
overly poisoned by the steam (e.g. oxidation of the Ni particles), as indicated by the rapid onset of
activity loss to near complete deactivation, so that the re-activation becomes inhibited. There are
several possible explanations as to why the materials exhibit ability to improve activity after
sintering occurs. When considering the possibilities, it is likely that there are a combination of
these events occurring simultaneously, which are probably mutually beneficial to the activity of
the Ni.

Each of the materials calcined at 700-900°C showed via XRD to have a small amount of Ni
remaining in the pyrochlore lattice. In addition, the 900°C and 1000°C calcined materials showed
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some of the Ni to reside in the La2ZrNiO6 perovskite solid solution. Under the reducing
atmospheres for reforming, the Ni residing in the bulk forms of these materials (either pyrochlore,
or perovskite) would exsolve to the surface as small and highly active particles. A similar
observation was made by King et al. [138], who showed via TEM analysis that activity for the
YSZ material was improved by small Ni particles emerging from the bulk structure.

While Ni exsolution from the bulk may be one avenue for small particles on the surface, another
possible, and more plausible explanation, results from the enhanced activity and stability due to
the repeated oxidation and reduction cycles of the Ni particles during reaction [139]. Lovell et al.
[139] examined a 10% Ni/SiO2 catalyst for the dry reforming (CO2) of CH4 at 800°C, and found
the fresh catalyst to deactivate rapidly, with near complete deactivation reached after only 7 hours
due to carbon formation. However, a reduction-oxidation-reduction pre-treatment at 350°C was
found to produce an increase of the dispersion of the Ni metal, as well as a stronger metal-support
interaction between the Ni and SiO2. As a result, activity stability and selectivity to synthesis gas
was improved due to the more favorable properties of the Ni.

Although the deactivation mechanisms are different between their study and this one, smaller and
more stable Ni particles are resistant to both carbon formation, and oxidation by steam [56].
Therefore, Ni particles which initially sinter under reaction conditions by steam, will also undergo
a reduction by the synthesis gas atmosphere (H2 or CO). Repeating redox cycling of the Ni particles
will then lead to the dispersion and stabilization of some of the Ni into smaller, and more active
crystals. Further evidence demonstrating the improvement in the activity of Ni through redox
cycling is shown in a study by Lysikov et al. [140] during the sorption-enhanced reforming (SER)
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of CH4 at different temperatures (650-900°C). Over a commercial Ni-based steam reforming
catalyst, alternating pulses between steam/CH4, and O2 were found to sinter the Ni metal from 510 nm sized particles to 100-200 nm over temperatures of 650°C and 800°C. However,
interestingly, at S/C ratios greater than 2.0, cycling the catalyst at 650°C saw a 10-fold decline in
activity, whereas the high temperature studies saw the catalyst remain stable and active [140]. The
behavior was explained by the importance of the levels of reducing H2 gas in the reactor, as well
as the volume contraction which occurs during the reduction of Ni from NiO.

The almost instant decline in activity at the start of the experiment for all materials, and the
accompanied particle growth (Table 4-11) shows Ni coarsens very rapidly when exposed to the
reactant gases. Due to the high steam partial pressures, the irreversible adsorption of steam and
subsequent oxidation of the larger Ni particles occurs. Meanwhile, some of the sites do remain
active, as there is still a production of synthesis gas, albeit in decline. The presence of the reducing
synthesis gas (primarily H2) is then able to reduce some of the oxidized Ni particles back to Ni0.
The reduction of NiO to Ni metal leads to a volume shrinkage of the particle due to oxygen lossa property defined as the Pilling-Bedworth ratio (unit cell volume ratio of oxide to metal), which
is 1.52 for Ni [140]. During reduction, the similarities between the atomic arrangements of Ni0 and
NiO (both have a face-centered cubic (fcc) unit cell) can promote epitaxial nucleation of the Ni;
however, the fast reduction of the larger particles under the SMR reaction conditions creates a
porous, sponge-like Ni metal particle with irregular (non-epitaxial) orientations of the lattice grains
due to rapid oxygen removal from the particle [132, 140]. While the Ni particle may become more
porous, the size of the pores is likely sufficiently small (10-100nm [140]) to allow diffusion of H2
inside, but may trap some of water molecules formed during reduction. The irregularly aligned Ni
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facets in the pores introduces sites for the adsorption of the stagnated steam, which can then form
volatile NiOH species [132]. This can lead to a re-distribution of some of the Ni into smaller
particles through the diffusion of the more mobile NiOH species from within the particle [132].

The dispersion of Ni may, however, also be accompanied by the improved basicity of the surface
through the exsolution of the Sr from the bulk. The presence of alkaline metals near Ni is known
to have a stabilizing effect on the metallic Ni surface area [56]. Furthermore, alkaline metal
mobility in the pyrochlore bulk under reducing conditions has been seen in a study by Fan et al.
[141] which noted Sr migration to the surface of a CeZrO used for three-way catalyst application
at lower temperatures (550°C). Having more Sr at the surface also results in improved basicity for
a relatively inert surface, which would provide additional sites to adsorb steam and help mitigate
the sintering by reducing hydroxide formation on the Ni surfaces. This is consistent with a study
by Song et al., [142] where it was found that Sr promotion for a Ni/Al2O3-ZrO2 catalyst provided
better Ni dispersion and less surface acidity. To evaluate the possibility for improved basicity, the
most inert material (LSZN6-1000) was reduced for 10h under H2 at 800°C, roughly the same time
for the material to achieve a majority of its activity recovery. The results in the form of a CO2 TPD
shown in Figure 4-22, indicate that the surface has an increase in basicity after the reduction
treatment due to the presence of more medium strength basic sites. This suggests reduction also
produces additional sites for steam to adsorb, thus helping to potentially stabilize the growth of the
small Ni particles and allowing the active sites to increase turnover.
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Figure 4-22. Effect of reduction on basicity of the LSZN6 calcined at 1000°C. CO2 TPD results
shown for fresh and material reduced under 5% H2 at 800°C for 10h.
Carbon formation was observed (see Table 4-12) during reaction, but did not appear to be
significant over the time frame of these studies. The amounts of carbon remained below 1.5% mass
carbon/mass catalyst for the 24h study, suggesting a low rate of formation. The steady production
of synthesis gas occurring after the initial decline for all materials, suggests that carbon formation
was not an issue at least over the time frame of the study. Quantitatively, there was no clear trend
with the amount of carbon formed and calcination temperature.
Table 4-12. Carbon formation over LSZN6 materials after low pressure SMR experiment.
T=800°C, P=0.23MPa, S/C=2.0.
Catalyst

Carbon Formation (gcarbon/gcatalyst)

LSZN6-700

0.01

LSZN6-800

0.01

LSZN6-900

0.01

LSZN6-1000

0.02
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High Pressure
A high pressure SMR study, at 1.8 MPa, using the same temperature, flow rates, and S/C ratio as
set for the low-pressure tests, was performed on the same catalytic material directly after the short
burn-off of the initial low-pressure study. The material was run for another 24h at high pressure to
evaluate the durability of the catalytic activity.

The activity of the 900°C calcined material is shown in Figure 4-23, and is representative for all
calcination temperatures. Interestingly, no initial decline in activity is observed for any catalyst,
and all are able to produce stable CH4 conversions with selectivity near that predicted by
equilibrium for the entire 24h experiment. Compared to the low temperature studies, there are no
observable effects due to Ni sintering for probably two reasons. The first being that the reforming
rate at these temperatures is first order in CH4 [31], which indicates that the conversion in directly
proportional with the CH4 partial pressure. Therefore, conversion rates are higher at higher
pressures, which may compensate for the presence of the less active larger particles. Secondly,
although the Ni appeared to have sintered during the low temperature studies, the dispersion of the
Ni which occurred by the redox cycling appeared to create highly stable and active particles that
are also resistant to sintering and deactivation by steam under higher pressures. As a result, some
of the Ni has been conditioned into a form that is more stable and active compared to the asproduced fresh material.
Carbon formation was again measured by a burn-off post reaction. Results shown in Table 4-13,
indicate the rate of the accumulation of carbon is low during the 24h experiment. However, the Ni
crystallite sizes, shown in Table 4-13, increased from the values over the low-pressure study.
Despite this growth, the activity remains stable near the values predicted by thermodynamic
113

equilibrium for all materials. This can likely be attributed again to the Ni that became stable from
the low-pressure studies, as well as the redispersion of the Ni through redox process at high
pressures as well. It is unclear whether these values would stabilize over a longer-term run.
However, the increase in size from the low-pressure study suggests that sintering of the Ni could
become problematic over longer run times and eventually lead to carbon formation, or activity loss
due to oxidation.
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Figure 4-23. Experimental results from the SMR studies at high pressure over the LSZN6
calcined at 900°C. T=800°C, P=1.8MPa, S/C=2.0, and WHSV= 50,000 scc/gcat/h.
Table 4-13. Carbon formation over LSZN6 materials and Ni crystallite sizes after high pressure
SMR experiment. T=800°C, P=1.8 MPa, S/C=2, P=1.8 MPa.
Catalyst

Carbon Formation (gcarbon/gcatalyst) Ni Crystallite Size (nm)

LSZN6-700

0.01

28

LSZN6-800

0.01

33

LSZN6-900

0.01

30

LSZN6-1000

0.04

39
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Effect of Pretreatment
Experimental studies were also performed at high pressure on the fresh LSZN6-800 calcined
sample, i.e. not initially tested under low-pressure, to determine whether the catalytic activity
would behave similarly under high partial pressures of steam. From Figure 4-24, it can be seen
the material is deactivated almost immediately due to poisoning by steam, as indicated by rapid
and steep decline in CH4 conversion almost as soon as the flows were introduced. The continuous
loss of activity indicates that the higher steam pressures produce rapid deactivation rates by
oxidation with steam, which led to a decline in synthesis gas producing sites. The irreversible
adsorption of steam onto the active sites, combined with the rapidly declining synthesis gas yields,
limits the ability for the material to undergo the critical redox cycling that is necessary to regenerate
the Ni activity through redispersion. It can therefore be seen that there is an importance balance
between the oxidation and reduction of the Ni, and at high pressures, the deleterious effects of
steam overwhelm the catalyst activity leading to an irreversible loss in SMR catalytic activity
through oxidation of the metal.

Attempts to improve the activity through pretreatments were performed by a reduction, as well as
heating under an inert atmosphere. A 4h reduction pre-treatment at 800°C under 10%H2/Ar proved
to be slightly more detrimental to activity compared to having no pre-treatment. This can likely be
attributed to the sintering of the Ni metal while under reduction prior to reaction [136].
Interestingly, however, aging the material for 4h under Ar at 800°C led to an improvement in
activity. The difference may be attributed to the dispersion of the Ni within the structure under the
inert atmosphere, rather than causing further agglomeration at the surface. As observed by Raman
spectroscopy, the exsolution of Ni from the pyrochlore material produced an oxide lattice with a
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large concentration of defects. In the presence of air, the transport limitations from the diffusion
of larger O anions may create diffusional resistances for the cations in the lattice. However, under
the inert environment, cation diffusion is not limited as much by the movement of the O anions.
Therefore, the Ni at the surface is able to migrate from the surface into the bulk more easily, and
possibly form other phases with the excess La that is available (e.g. LaNiO3). The dispersion of Ni
into the structure is confirmed via XRD, as shown in Figure 4-25, which demonstrates a 4h
treatment under Ar leads to a shrinkage in Ni particle size as compared to the fresh material (11
nm vs. 16 nm). Subsequently, under reaction conditions, the Ni will then be present in smaller
clusters at the surface. Regardless of the different attempts to improve activity and stability with
the pretreatment, there was no treatment which could produce a stable form of Ni that could
achieve equilibrium predicted synthesis gas production from the start of the experiment.
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Figure 4-24. Effect of pretreatment on conversion of the LSZN6 calcined at 800°C. T=800°C,
P=1.8MPa, S/C=2.0, and WHSV= 50,000 scc/gcat/h.
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Figure 4-25. XRD scan of the Ni region of LSZN6 calcined at 800°C for the as calcined (fresh)
material as well as after exposure to inert (Ar) for 4h at 800°C.
Effect of Oxidation and Reduction
Another pre-treatment was aimed at the reduction in sintering of Ni during low-pressure SMR
studies using a steam/oxidation treatment followed by a brief, 10-minute CH4 reduction. The
1000°C calcined material was used for this study because it showed the highest activity loss from
Ni particle growth. The material was treated under an Ar/steam mixture at 800°C for 15 min or
1h, then reduced by CH4 prior to the start of the experiment at the same temperature. The results
shown Figure 4-26 indicate the oxidation-reduction procedure had a positive effect on the activity,
resulting in improved CH4 conversion and selectivity to synthesis gas. While the materials each
show the initial drop in activity due to sintering, the progressively longer exposure to the steam/Ar
mixture leads to higher activity at the end of the 24h study. After 1h of treatment, the catalyst is
able to achieve steady conversion and synthesis gas production that is much improved and closer
to equilibrium compared to the fresh material with no pre-treatment.
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Figure 4-26. Effect of oxidation/reduction pretreatment on conversion of the LSZN6 calcined at
1000°C. Steam/Ar was run prior to experiment for 15 min, or 1h, followed by reduction by CH4
at 800°C. T=800°C, P=0.23MPa, S/C=2.0, and WHSV= 50,000 scc/gcat/h.
Similar to the Ar only pretreatment, the steam/Ar pretreatment presents an atmosphere that has a
low O2 partial pressure. According to an equilibrium composition analysis using HSC chemistry,
the partial pressure of O2 is essentially negligible. As a result, exposing the material to this gaseous
environment and temperature likely leads to incorporating of some of the Ni into the bulk material
much like under pure Ar. In addition, however, the exposure to steam does also lead to sintering.
From Figure 4-27, it can be seen that a 1h treatment leads to two different particle sizes of the Nione with an average size of ca. 34 nm, and another with an average of ca 24 nm. Under the reaction
conditions, the Ni from the bulk emerges to the surface as smaller, and more active clusters.
Furthermore, the redox cycling, which is required to form the highly stable and active Ni particles,
may require a certain Ni particle size. Lysikov et al. [140] suggested the reduction and diffusion
of Ni begins to occur at a critical particle size (specific size not stated). Confirming this
observation, a study evaluating the reduction of NiO by H2 using an environmental TEM by
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Jeangros et al. [132] observed Ni crystal domains grow during reduction by the movement of
interfaces, and with larger particles forming the porous structure to accommodate the volume loss
by oxygen, while smaller particles appear to shrink. Therefore, the exposure of Ni particles to
steam may help accelerate the redox dispersion of Ni by initiating the particle growth prior to
reaction. Additionally, these experiments were performed at the lower-pressure, so the rate of
irreversible steam adsorption is lower. This would allow more sustainable H2 partial pressure,
which would promote the redox dispersion of Ni more easily compared to the higher steam
pressures where the activity, and therefore H2 production, is rapidly deactivated by steam.
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Figure 4-27. XRD scans of the Ni region for LSZN6 calcined at 1000°C for an as calcined (fresh)
sample, as well as one pretreated for 1h under steam/Ar at 800°C.
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Conclusions
The effect of calcination temperature on important material properties of a Ni-substituted
pyrochlores formed by a Pechini derived synthesis procedure was used to characterize the behavior
of Ni substituted into the structure of a lanthanum zirconate pyrochlore, and its related effect on
activity for the steam reforming of methane.


The synthesis method was found to produce oxides that are compositionally consistent with
the desired theoretical formula, with low surface areas due to the enhanced sintering caused
by the presence of large amounts of Ni.



XRD and Raman results confirmed the pyrochlore structure, but also showed the presence
of Ni produced material with a high defect concentration, in which a majority of Ni in the
fresh, calcined catalyst occupies the surface and grain boundaries as NiO. Higher
calcination temperatures showed the Ni to dissolve into the solid solution and form a
separate La2ZrNiO6 rhombohedral layered perovskite phase.



A shift in lattice parameter suggested a small amount of Ni remained in the pyrochlore
structure, with more Ni being soluble in the pyrochlore structure at lower calcination
temperatures. Heating to 1000°C was found to exsolve the Ni almost completely out of the
pyrochlore structure.



In-situ XRD results confirmed the crystallization of the pyrochlore occurred at 700°C,
which simultaneously led to the formation of NiO. It also confirmed the exsolution of most
of the Ni almost immediately upon crystallization, which led to an oxide anion sub-lattice
containing a large number of oxygen vacancy defects.



H2 temperature programmed reduction showed the effect of increasing temperature led to
an increase in reducibility, i.e. Ni is more reducible at a lower temperature, as well as a
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decrease in overall H2 consumption. Low calcination temperatures resulted in a reduction
of oxygen from the pyrochlore lattice. All materials showed peaks ~ 350°C, due to the
reduction of large NiO particles. This peak increased in size due to the sintering of the Ni
particles due to heating at higher temperatures. High calcination temperatures, >900°C saw
a high temperature peak related to the reduction of the La2ZrNiO6 phase.


XPS results showed a decrease in Ni concentration at the surface as the calcination
temperature was increased. This was likely due to the formation of larger Ni particles with
temperature, as well as the migration of the Ni into the bulk through the formation of the
La2ZrNiO6 phase.



Consecutive TPR/TPO redox cycles to 900°C performed on materials calcined at each
temperature showed the Ni was not stable, and became more reducible with each
successive redox cycling.



CO2 TPD results showed there to be a small number of basic sites with medium strength
for the lowest calcination temperature. Heating to 1000°C eliminated the basic sites
completely. The inert surface of the pyrochlore suggests the decomposition of the steam
and CH4 must occur over the Ni to achieve conversion.



A temperature programmed surface reaction from 650-900°C and cooled back to 650°C by
2.5°C/min showed the lowest calcination temperature to have the highest activity and
selectivity to synthesis gas, with activity and selectivity becoming progressively worse for
the materials calcined at subsequently higher temperatures. The results were attributed to
a greater concentration (as seen by XPS), of smaller Ni particles (as seen by XRD) for the
catalysts calcined at lower temperatures (e.g. 700°C).
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Increasing reaction temperature was found to improve activity and conversion up to
~780°C, at which point all materials underwent an irreversible loss in activity. The
deactivation was attributed to the sintering of Ni particles, which became kinetically
inhibited irreversibly by steam as the particle size increased.



Activity screening at S/C=2.0, WHSV=50,000 scc/gcat/h, and low pressure (P=0.23 MPa),
showed the material calcined at all temperatures to have a brief high initial activity.
However, each material underwent a decline in activity which was related to the sintering
of the Ni. The magnitude of the decline was found to be related to the initial particle size
of the Ni. The materials calcined at 700-900C were able to recover activity. It was
speculated the activity improvement was related to the continuous oxidation and reduction
of Ni under reaction conditions, which led to a portion of the Ni becoming more dispersed
and stable. In addition, an increase in basicity at the surface that was likely attributed to the
exsolution of Sr from the bulk also may have helped stabilize the Ni. It was also speculated
that the activity could be improved from small Ni particles exsolving from the pyrochlore
or La2ZrNiO6 phase.



After the activation of Ni, the 700-900°C calcined materials could improve activity to near
equilibrium levels. Meanwhile, the material calcined at 1000°C was only able to recover
partial equilibrium activity.



A post run TPO showed there to be very little carbon formation, suggesting that over the
24h time frame of the experiment there were low rates of carbon accumulation.



High pressure SMR studies with P=1.8MPa run under identical reaction conditions directly
after the TPO was performed on the same catalyst used in the low-pressure study, showed
the materials calcined at all temperatures were able to produce equilibrium yields for the
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high temperature studies. This was attributed to the higher reforming rates due to the 1st
order dependence of the reaction on CH4 partial pressure. It was also speculated that the
conditioning which occurred by the redox of the Ni particles during the low-pressure study
was beneficial to the activity stability for the Ni at high pressure.


The effect of pretreatment was examined to improve activity of the fresh catalyst for the
high-pressure studies. A fresh LSZN6 800°C calcined material was found to deactivate
almost immediately due to rapid sintering and subsequent irreversible adsorption of steam
at the high pressures. A 4h reduction pre-treatment under H2 was found to provide little
benefit to activity, likely due to the sintering of the metal under the prolonged reduction
timeframe. However, a 4h treatment under a flow of inert gas (Ar) was found to have an
improvement on activity. This was believed to be due to the incorporation of the Ni at the
surface into the bulk, which, when reduced, would promote the formation of small and
more stable clusters at the surface. None of the pretreatments were found to mitigate the
deleterious effects of sintering on activity at high pressures, and produce stable activity
near the value predicted by equilibrium either from the start of the experiment, or in-situ
through redox conditioning observed during the low-pressure experiments.



The effect of steaming at high temperature (800°C) was found to have an improvement on
the catalyst activity at lower pressures (P=0.23MPa). The LSZN6 calcined at 1000°C was
subject to a steam pretreatment at 800°C for 15 min, or 1h before reaction. The treatment
time was found to improve the sintering effect of the Ni and the stability of the activity.
Low O2 partial pressure under this environment may improve the dispersion of the Ni into
the bulk, like the Ar only pre-treatment. XRD analysis performed on a sample aged for 1h
under steam at 800°C show particle growth due to sintering. It is speculated that the particle
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growth may help drive the redox dispersion of the Ni, by producing a critical size of Ni
particle that may facilitate Ni dispersion when reduced.
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Characterization and Evaluation of supported versus
Substituted Ni
The effect of final heating temperature on the physical and chemical properties and their related
impact on catalytic activity of a 6 wt% Ni substituted lanthanum zirconate pyrochlore was
evaluated in the previous chapter. It was revealed that the Ni had a low solubility in the bulk
pyrochlore structure. Heating induced crystallization of the pyrochlore oxide was found to promote
the exsolution of the Ni to a more thermodynamically favorable NiO phase (and a La2ZrNiO6
phase at higher temperatures) at the surface and grain boundaries. The next step in this study is to
therefore determine how the formation of Ni particles through substitution differs from a surface
deposition by simple impregnation. The purpose of this chapter is to directly compare two related
materials- a lanthanum zirconate pyrochlore in which Ni was substituted into the bulk, versus the
same pyrochlore formulation but having Ni deposited onto the surface. The study will characterize
and compare the properties both materials, as well as their catalytic activity for SMR.
Characterizing the Difference Between Supported and Substituted Ni Pyrochlores
BET and ICP
Catalyst identification and ICP results for the Ni-supported, Ni-substituted pyrochlore, and nonNi-containing pyrochlore materials are shown in Table 5-1. It can be seen that the measured bulk
composition is similar to the respective theoretical composition for each material. BET results,
also shown in Table 5-1, show the supported (Ni/LSZ), and the non-Ni containing pyrochlore
(LSZ) have nearly the same nominal surface area. This indicates that the deposition of Ni onto the
surface does not influence the sintering of the pyrochlore material. Meanwhile the Ni substituted
material displays a surface area value that is roughly 4 times less that its supported counterpart. As
noted earlier, the presence of Ni in the structure of amorphous oxides has been observed to aid in
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cation migration in certain oxide materials due to the introduction of oxygen vacancies during
crystallization [112]. Densification during sintering is a result of grain boundary diffusion and
volume diffusion [143]. Grain boundaries diffusion drives the initial stages of sintering [143], and
the presence of oxygen vacancies produced through the introduction of Ni2+ for Zr4+ likely
promotes accelerating sintering due to a higher grain boundary and lattice diffusion coefficients of
the pyrochlore cations [112].
Table 5-1. ICP and BET surface area results for pyrochlore powders.
Catalyst

BET Surface Area (m2/g)

Composition (wt%)
La

Sr

Ni

Zr

LSZN6 (T)

-

49.13 0.79 6.00 23.71

LSZN6-800

3.02

46.11 0.79 5.68 23.24

LSZ (T)

-

47.55 0.77

-

32.02

LSZ-800

11.8

46.49 0.74

-

33.11

6% Ni/LSZ (T)
6% Ni/LSZ (Ni/LSZ)

-

44.0

12.3

0.69 6.00 29.68

44.81 0.73 5.05 29.79

(T)- Theoretical Values
XRD
XRD reflection patterns for the supported and substituted Ni-pyrochlores are shown in Figure 51. Both materials exhibit the characteristic peaks for the La2Zr2O7 pyrochlore structure with an Fd3m cubic space group. Average crystallite size and lattice parameter for the supported Ni material
is nearly identical to the non-Ni containing pyrochlore (Table 5-2). The similarities between these
values indicates the deposited Ni resides solely on the surface of the pyrochlore, and is not
incorporated into the structure. Meanwhile, as seen earlier, the substitution of Ni produces smaller
pyrochlore crystallite sizes with larger lattice spacing. This can be attributed to the exsolution of a
majority of the Ni to the surface and grain boundaries, which inhibits diffusion of the pyrochlore
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cations due to either grain pinning or solute drag [119]. The increase in lattice spacing can be
attributed to the combination of oxygen vacancies, as well as a small amount of Ni residing in the
pyrochlore structure. Comparing the resulting particle sizes of Ni produced by each method shows
that deposition produces slightly smaller Ni particles compared to substitution (12 nm versus 14
nm).
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Figure 5-1. XRD profiles of the pyrochlore materials with Ni supported onto the surface, and
substituted into the structure.
Table 5-2. Lattice constants, crystallite sizes, and Ni crystallite size for Ni-supported, Nisubstituted pyrochlore, and non-Ni containing pyrochlore materials.
Material

Lattice

Avg. Crystallite

Ni Crystallite

Constant (nm)

Size (nm)

Size (nm)

LSZ-800

10.789

31.6

-

LSZN6-800

10.869

23.0

14

6Ni/LSZ-800

10.784

31.4

12
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Raman
Raman spectra for the Ni supported, substituted, and non-Ni containing materials are shown in
Figure 5-2. Well-defined Raman bands are observed for the LSZ reference pyrochlore material
that was calcined at 800°C. As stated earlier, the lanthanum zirconate pyrochlore has 6 active
Raman modes [96]. The band shown at ca. 298 cm-1 can be assigned to the O-Zr-O bending
vibrations, and the other bands at roughly 399cm-1, 491cm-1, and 515 cm-1 belong to the La-O, and
Zr-O stretching modes respectively [123]. Bands at 590cm-1 and 733 cm-1 were not observed,
likely due the lower calcination temperatures which resulted in weaker metal-oxygen bonds that
are not Raman active. The Ni-substituted pyrochlore shows a similar profile to the reference
material, which again suggests that the deposition of Ni onto the surface does not affect the oxygen
sublattice by introducing oxygen vacancies. This agrees with the XRD data which shows the Ni
for this material resides solely on the surface and did not affect the lattice spacing compared to the
LSZ reference material. Meanwhile the substituted catalyst has broad, and poorly defined peaks
over the same wavelength regions. Band broadening for this material can be attributed to a
disordered anion-sublattice partly as a result of oxygen vacancies from a small amount of Ni
residing in the pyrochlore structure. However, it is probably mostly ascribable to the exsolution of
Ni to the surface disrupting the ordering of the sublattice. Without Ni in the structure, the resulting
pyrochlore is a non-homogeneous oxide deficient in La, and ordering of the anion sublattice is
restricted due to poor oxygen transport throughout the non-stoichiometric oxide material because
of the larger size of the oxygen anions compared to the cations [120].
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Figure 5-2. Raman spectra of substituted LSZN6, supported Ni/LSZ, and reference LSZ
material.
XANES/EXAFS
The XANES profiles of the Ni K-edge region for the supported and substituted Ni-based
pyrochlore catalysts are shown in Figure 5-3, and are compared to a NiO standard. In their fresh
state, both materials show profiles that are not only qualitatively similar to each other, but also to
the NiO reference, indicating Ni is in a 2+ valence and primarily resides in this form. Figure 5-4
presents the Ni K-edge EXAFS oscillations showing the wave vector multiplied by the K2 factor
for each material along with the NiO standard. The similarities between the profiles, and their
resemblance to the NiO standard is a further indication that the Ni is present in the NiO form in
both materials.

In addition, the primary peak for Ni at ca. 7.5Å-1 between the supported and

substituted form of Ni shows a qualitatively similar intensity and FWHM (not measured). This
finding indicates that substitution does not lead to the formation of Ni nano-particles, and in fact,
that the NiO has a similar particle size in both materials- which agrees with the particle size
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determination from the XRD analysis. The EXAFS profiles are only presented to further confirm
the presence of NiO. Due to the availability of the instrument scientist at LSU, the Fourier
transform of the oscillations was not performed to obtain the coordination number of the Ni in
each material.

Figure 5-3. XANES spectra of the Ni K-edge region for the 6%Ni/LSZ and LSZN6 substituted
pyrochlore. A scan was also performed on NiO for reference.

Figure 5-4. EXAFS oscillations over the Ni k-edge region obtained for 6%Ni/LSZ, LSZN6, and
a NiO reference material.
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TPR and H2 Pulse Chemisorption
H2 TPR profiles for the supported and substituted Ni pyrochlore catalysts are compared in Figure
5-5. The Ni in both materials is found to undergo a series of reduction steps, with the shape of the
curves showing a resemblance to one another. Each material has a broad range of H2 consumption,
starting with a steep, and narrow low temperature shoulder peak at ca. 355-360°C. As noted earlier,
reduction seen over this temperature is consistent with that of larger Ni particle sizes (>17nm),
with a weaker interaction with the surface [75]. The presence of Ni reduced in this temperature
range is consistent with TPR results over a supported 6 wt% Ni/La2Zr2O7 synthesized by H2 and
Ar plasmas used for the dry reforming of CH4. Reduction continues into a broad high-temperature
peak centered at ~ 508°C for the substituted material, while the supported material has a continuous
increase in H2 consumption until it reaches a maximum at 560°C. The Ni reduced over these
temperatures is attributed to the smaller and highly dispersed NiO species which have a stronger
interaction with the pyrochlore surface.

Quantifying the H2 uptake (Table 5-3) shows the supported material to have a much greater
reducibility than the theoretical value. This is attributed to some of the Ni reducing oxygen within
the pyrochlore oxide, and likely shown in the reduction plot the portion of the TPR curve occurring
for this material above ca. >600°C. Meanwhile the supported material exhibits a near complete
reduction of the Ni, as the H2 consumption is close to the theoretical value. During quantification
of the H2 uptake, it was considered that NiO is a p-type semiconductor with the possibility of
forming Ni3+ from cation deficiency in the lattice [144], which could result in H2 consumption
potentially greater than the theoretical value due to the presence of Ni3+. However, the indication
of Ni3+ in a TPR profile is generally seen as two reduction peaks within close proximity to each
other (~ 15°C difference) at lower temperatures- one near 330°C and the other around 350°C.
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Additionally, although the existence of Ni3+ could likely be present in both materials, the excess
H2 consumption during the reduction of the LSZN6 is greater than that which could be attributable
simply to the reduction of Ni3+ in NiO clusters. A study by Peng et al. [144] found H2 to be
consumed in excess of 1.1-1.2 times greater than the theoretical value, and they attributed it to the
presence of Ni3+. Therefore, the absence of the low temperature peak at 330°C, combined with a
1.3 times greater consumption of H2 than the theoretical value, likely eliminates the presence of
Ni3+ in NiO as the primary cause for the increased consumption for the LSZN6 catalyst.
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Figure 5-5. H2 TPR profiles for supported and substituted Ni pyrochlore materials.
Table 5-3. Hydrogen consumption and Ni dispersion results for the Ni supported and substituted
lanthanum zirconate pyrochlores.
Material

H2 Consumption

% Dispersion

(ml/g)
LSZN6-T*

22.9

-

LSZN6-800

29.2

Not Detected

6%Ni/LSZ+

19.3

0.88%

*Assuming all Ni is present as NiO and reduced to Ni0
+
Based on ICP value for this material, the theoretical H2 uptake is 19.1 ml/g.
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The amount of active Ni contained in each material was examined through the technique of H2
pulse chemisorption. It is generally assumed that the dissociation of H2 is a predictive measure of
the number of accessible active Ni sites present relative to the total amount of metal present. The
supported form of Ni was found to produce a small amount of active Ni (see Table 5-3). The low
uptake is in agreement with the literature [145, 146], as supported Ni catalysts generally show low
uptake and dispersion (1-5% dispersion depending on the support used) during H2 pulse
chemisorption experiments due to sintering of the metal. For the substituted material, no H2
chemisorption was detected. The chemisorption reaction is known to be structure sensitive and can
therefore be hindered by metal ensemble effects, electronic interactions between the Ni and the
support, structural sensitivity of adsorption, and/or possibly the blockage by thin layers of La2O3
[147, 148]. While the dispersion value is low, an obvious difference arises between the Ni particles
generated between the two materials. Although the overall BET surface areas between the Ni/LSZ
and LSZN6 pyrochlores is low, the supported material does show a value that is measurably higher
than the substituted value. Considering the low value for the dispersion of the Ni/LSZ, it is likely
that the deposition of Ni onto the surface can distribute the Ni onto the surface more uniformly,
and a small amount is able to be stabilized onto the larger surface area into smaller Ni crystals (as
observed by XRD) which can dissociate H2. Meanwhile in the substituted form, the Ni accumulates
at the grain boundary interfaces, rather in-homogeneously, over a smaller surface area in which Ni
particles are slightly larger, and unable to be stabilized by the surface to dissociate the H2.
XPS
XPS was performed to determine the surface properties of the materials. As stated earlier, due to
the overlap of the La5d with the Ni 2p regions, no qualitative information regarding Ni was
detectable. Although Ni and La have the potential to form separate phases, like LaNiO3, no other
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phases were observed in the XRD that would indicate the presence of this interaction. XPS results
show no detectable difference in the La spectra, meaning qualitative evaluation of the oxidation
state of Ni is limited by this technique.
Analysis of the non-Ni containing as well as the supported material shows each to display surface
ratios of Zr/La close to the theoretical value of 1.0 for the stoichiometric oxide (see Table 5-4).
However, the substitution material shows a decrease for its Zr/La ratio compared to the theoretical
composition due to the enrichment of the excess lanthanum to the surface. Given the enrichment
of La seen for the substituted material, the surface Ni values for the two materials can be compared
between the Ni/Zr ratios. It can be seen that the supported material has a measured ratio of the
Ni/Zr closer to its theoretical value, as compared to the Ni that was substituted. This is most likely
a result of the Ni residing in larger clusters, and having an overall lower surface coverage from its
accumulation at the grain boundaries, compared to the deposited form, which appears to be more
uniformly distributed across the surface. The likelihood that the Ni surface concentration for the
LSZN6 is lower due to substitution into the structure can be ruled out by the XANES spectra,
which shows a majority the Ni is present in this material as NiO, much like supported catalyst.
Table 5-4. Surface compositions of the supported, substituted, and non-Ni containing
pyrochlores as measured by XPS.
Catalyst

Atomic Ratio
Zr/La Ni/La Ni/Zr

LSZ-800

1.05

-

-

LSZN6 (T)

0.736 0.289 0.393

LSZN6-800

0.674 0.183 0.271

6Ni/LSZ (T)

1.0

0.26

6Ni/LSZ

1.01

0.213 0.212
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Activity Testing of Supported and Substituted Ni Pyrochlores
The materials were evaluated for catalytic activity for SMR at T=800°C, system pressure (P=0.23
MPa), S/C=2.0, and WHSV=50,000 scc/gcat/h. The product distribution for these experiments
are shown in Figures 5-6 a and b for the supported and substituted materials, respectively. As
stated earlier, the substituted material (see Figure 5-6 b) has an immediate decrease in activity
related to the sintering of the Ni metal. The sintering of the Ni produces larger particles which are
less active due the higher energy barriers for key reactions in the reforming process, including CH
dissociative adsorption, CH dissociation, and C oxidation [149]. The lower reactivity of the Ni
particles, combined with the inert surface area of the pyrochlore is believed to lead to an
irreversible kinetic inhibition of the Ni by steam. As a result, activity decline is compounded by
the lower turnover as well as the active Ni particles being consumed by steam. However, the
deactivation is reversible due to the in-situ redox cycling of the larger Ni particles occurring from
the rapid oxidation by steam and reduction by H2 in the reformate gas. Steam formed during
reduction reacts with exposed Ni facets in the pores forming NiOH, which can then migrate and
deposit onto the pyrochlore surface creating smaller and more active particles. The loss in catalytic
activity is recoverable through the redox cycling, and reaches close to equilibrium after roughly
15 hours on stream.
Activity for the supported material (Figure 5-6 a) shows a similar behavior to the substituted Ni
catalyst, but has only a slight decline initially for the H2 and CO composition, with the
commensurate increase in CH4. The decline in activity for this catalyst is brief, and only observed
for an hour in contrast to the 4-hour, continuous decrease for the substituted material. Following
the slight drop, the catalytic activity returns to stable equilibrium values for the remainder of the
24-hour experiment.
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Figure 5-6. SMR reforming product distribution for a) supported and b) substituted Ni
pyrochlore catalysts at P=0.23 MPa, T=800°C, S/C=2.0, and WHSV=50,000 scc/gcat/h.
The improved activity stability for the supported material indicates that the Ni particles are more
resistant to sintering compared to the substituted material. This is a result of stronger metal-support
136

interaction between the supported Ni and the pyrochlore surface, which is an important property
for catalytic materials in order to maintain long-term activity [150-152]. A post-run XRD confirms
the stronger interaction for the Ni/LSZ as the particle size for Ni post reaction for this material is
smaller than those on the substituted catalyst (see Table 5-5). However, it should be noted that
while the weak interaction for the Ni in the LSZN6 is the reason for the rapid sintering, it is
required in order for the Ni particles to agglomerate to the critical size and then proceed via the
mechanism discussed earlier to achieve the redistribution of Ni through the redox cycling (see
Section 4.3.2.2).
Table 5-5. Ni particle sizes and carbon formation after low pressure (P=0.23 MPa), and high
pressure (1.8 MPa) SMR experiments at T=800°C, S/C=2.0, and WHSV=50,000 scc/gcat/h.
Low Pressure SMR High Pressure
Ni XS (nm)

Ni XS (nm)

Low Pressure

High Pressure

Carbon formation Carbon formation
gcarbon/gcat

gcarbon/gcat

LSZN6

28

33

0.01

0.01

6Ni/LSZ

20

27

0.024

0.044

The activity of each catalyst (fresh) was also examined under the same conditions, but higher
pressure (P=1.8 MPa) for 24 hours. The product distributions produced during these experiments
for the supported and substituted Ni pyrochlore materials are shown in Figure 5-7 a and b
respectively. Activity for the supported material was again found to have an initial decrease in
conversion, as well as H2 and CO production. However, the magnitude of the decline was slightly
greater compared to the behavior during the initial hour of the low-pressure experiment. As such,
this would likely indicate that the material undergoes a greater degree of sintering from the higher
steam partial pressures. Shown in Table 5-5, the post run particle size analyzed by XRD confirms
the presence of larger Ni crystals compared to the low-pressure study for this material. Despite the
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increased particle growth due to higher steam pressures, the particle sizes for the supported
material remain smaller compared to the substituted material, further confirming the stronger
metal-support interaction for this material.
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Figure 5-7. SMR reforming product distribution for a) supported and b) substituted Ni
pyrochlore catalysts at P=1.8 MPa, T=800°C, S/C=2.0, and WHSV=50,000 scc/gcat/h.
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Activity data for the substituted material shows the catalytic activity to undergo a continuous, and
irreversible deactivation once the reactant flows are initiated. As determined by the low-pressure
studies, the weaker interaction between Ni particles and the pyrochlore surface results in rapid
particle growth and deactivation due to the high steam partial pressures. The rapid rate of
deactivation by sintering confirms a report by Ochao et al. [153] which stated sintering rates as
high as 20nm/h are possible for Ni. Owing to the high sintering rates of Ni, activity loss becomes
continuous due to the sensitive nature of the regeneration of Ni to the redox cycling. The rapid
decline of the reducing H2 gas limits the ability for the larger particles to be reduced and
consequently the Ni to be redistributed for the activity to improve.
The particle size of Ni for the substituted material is shown in Table 5-5 for the spent material. It
can be seen that not only are the metal particle sizes larger for this material compared to those for
the supported catalyst, but the oxidation poisoning of Ni is confirmed by the conversion of some
of the Ni0 to NiO by steam (see Figure 5-8). The lower degree of metal-support interaction can be
explained by the presence of the high defect concentration in the pyrochlore material produced
from the exsolution of Ni to the surface. XRD results showed the Ni to migrate to the surface and
grain boundary regions during heating of the substituted pyrochlore. Meanwhile surface and grain
boundary regions are known to have higher solubility for structural defects and associated oxygen
vacancies [116], which are known to be present from the band broadening in the Raman scan for
this material. A study by Guo et al. [149] noted the activity and stability of the Ni resides in the
ability for the support to create a strong interaction with the metal through electron sharing.
Furthermore, smaller clusters have a stronger interaction because they are able to more easily share
electrons with the support [149]. Therefore, the combination of larger particles, as well as their
location on the surface which are electron deficient may lead to a surface which is unable to
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stabilize the Ni through electron sharing, and as a result the observed weaker metal-support
interaction occurs.
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Figure 5-8. Post run XRD for LSZN6 catalyst after SMR at high pressure. P=1.8 MPa,
T=800°C, S/C=2.0, and WHSV=50,000 scc/gcat/h.

Carbon Formation
Carbon formation quantified from each experiment for both catalysts from a post run burn-off is
shown in Table 5-5 for both materials. For the low temperature studies, the carbon formation is
noted to be lower for the substituted catalyst. This may be explained by a greater interaction
between Sr which has migrated to the surface during reaction, and the smaller Ni particles
generated from the redox cycling which limits the accumulation of carbon around the active metal.
The LSZN6 material which deactivated during the high temperature study, shows a low level of
carbon formation that is similar to that formed during the low-pressure study. The quantitatively
similar values would rule out carbon formation as the culprit for deactivation, and further confirm
that oxidation is responsible for the activity loss.
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Laser Raman was used to qualify the types of carbon formed, and the results for 6%Ni/LSZ and
LSZN6 are shown in Figures 5-9 and 5-10 respectively. Both materials were found to exhibit
peaks at approximately 1340 cm-1 and 1590cm-1. The former is ascribed to the D band for carbon
which corresponds to disorder in polycrystalline graphite and other carbon deposits, whereas the
latter belongs to the C=C stretching of the well-ordered, or structured graphitic carbon [154, 155].
The relative intensity of the G band to D band can illustrate a greater amount of either type of
carbon. For the supported material, it can be seen that the D band has a slightly higher intensity
compared to the G band suggesting a more disordered carbon, whereas the higher pressure appears
to promote a more ordered graphitic carbon. For the substituted material, there appears to be no
discernable difference between the type of carbon formed during each study.
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Figure 5-9. Raman results of spent 6%Ni/LSZ after low pressure (0.23 MPa) and high pressure
(1.8 MPa) SMR at T=800°C, S/C=2.0, and WHSV=50,000 scc/gcat/h.
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Figure 5-10. Raman results of spent LSZN6 after low pressure (0.23 MPa) and high pressure
(1.8 MPa) SMR at T=800°C, S/C=2.0, and WHSV=50,000 scc/gcat/h.
Conclusions
The purpose of this study was to directly compare a Ni-substituted LSZN6 pyrochlore to a material
of similar composition in which Ni was deliberately deposited (or supported) onto the surface.
Both materials were heated to the same calcination temperature. It was found that Ni substituted
into the bulk produced an oxygen deficient material, with a lower surface area compared to the
supported material. The Ni was not able to incorporate into the structure for the substituted
material, as shown by X-ray techniques including XRD, XANES, and EXAFS. Ni clusters were
observed to be smaller and able to dissociate H2 for the supported metal catalyst, indicating a more
active Ni particle. Activity results showed both materials had an initial deactivation under low
partial pressures (0.23 MPa) due to a sintering of Ni. However, the supported catalyst was found
to have a lower degree of sintering due to a stronger metal-support interaction. The stronger metalsupport interaction was confirmed for the supported metal catalyst by the higher pressure SMR
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experiment (P=1.8 MPa). Under the higher pressures, the substituted catalyst was found to be
irreversibly deactivated by steam, while the supported catalyst had a slight but fully-recoverable
activity decline. Carbon formation was not significant over the time frame of the experiments,
however, the more active supported catalyst had more carbon for each study, compared to the
substituted material.
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Effect of Ni Loading
The effect of temperature on the physical, and chemical properties, as well as on catalytic activity
of a 6 wt% Ni substituted lanthanum zirconate pyrochlore has been evaluated. Heating induced
crystallization of the pyrochlore oxide at 700°C was found to promote the exsolution of most of
the Ni to a more thermodynamically favorable NiO phase at the surface, and grain boundaries. A
La2ZrNiO6 perovskite phase was found to form in the bulk of the material at higher temperatures,
starting at 900°C. The difference in the properties between Ni supported on a LSZ form compared
to Ni substituted into the LSZ lattice has also been evaluated. It was further discovered that the Ni
crystals originating from substitution result in a weaker interaction with the surface, which led to
a greater tendency for the metal to sinter under reaction conditions, at both low and high steam
partial pressures. Furthermore, higher steam partial pressures were found to produce a rapid,
irreversible deactivation through the oxidation of the metal by steam. In the continued study of
the Ni-pyrochlore oxide, the effect of Ni metal loading was evaluated on the catalyst stability and
activity. The purpose of this chapter is to determine whether the deactivation through Ni sintering
can be controlled by the amount of Ni present at the surface (i.e. less Ni produces greater dispersion
and smaller particles of Ni). For this chapter, the materials are calcined at a temperature higher
than reaction conditions (900°C), in order to prevent any changes to the material under reaction
temperatures (800°C). Here, the properties of an LSZ pyrochlore substituted with either 1wt%,
3wt%, or 6wt%, are characterized and evaluated for high pressure SMR that are typically used for
commercial H2 production.
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Characterizing the Effect of Ni Metal Loading on Material Properties
BET and ICP Results
Sample identification, and ICP results for the three Ni-containing, and a non-Ni containing
pyrochlore calcined at the same temperature are shown in Table 6-1. Compositional values again
show the Pechini method produces a material that is close to the respective theoretical bulk
formulation. BET analysis also shown in Table 6-1 displays a trend of decreasing surface area
with Ni loading. The 1wt% Ni LSZN1, and the un-substituted material have nearly the same BET
surface area values. This would indicate that at low enough loadings, at least near 1 wt%, the
substitution of Ni does not lead to an appreciable sintering and surface area loss of the pyrochlore
material. However, increasing Ni loading above 1 wt% leads to lower BET surface area values.
This trend confirms the results discussed earlier In Section 4.1.1. in which the presence of Ni leads
to a greater loss in surface area. As mentioned before, Ni becomes a sintering agent for the
pyrochlore oxide through the introduction of oxygen vacancies, which promotes higher grain
boundary and lattice diffusion coefficients, and leads to lower sintering temperatures and increased
densification [112, 156]
Table 6-1. ICP and BET surface area results for pyrochlore powders. (T)- Theoretical value
Catalyst

BET (m2/g)

Composition (wt%)
La

LSZN6 (T)

Sr

Ni

Zr

-

49.13

0.79

6.00

23.71

2.3

48.55

0.82

6.00

24.58

-

48.3

0.78

3.00

27.9

3.3

47.3

0.81

3.02

29.35

-

47.81

0.77

1.0

30.6

LSZN1

6.8

45.85

0.74

1.00

29.71

LSZ (T)

-

47.55

0.77

-

32.02

LSZ-900

6.5

46.65

0.75

-

32.8

LSZN6
LSZN3 (T)
LSZN3
LSZN1 (T)
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XRD Results
XRD profiles of the LSZN pyrochlore doped with different levels of Ni are shown in Figure 6-1.
All materials demonstrate reflection patterns indicating the present of the Fd-3m cubic unit cell
La2Zr2O7 pyrochlore phase. Also present for all the LSZN materials is a peak indicating the
presence of a NiO phase. The presence of this phase as the Ni loading decreases further
demonstrates the low tolerance for Ni substitution in the pyrochlore, and suggests the Ni solubility
in the pyrochlore structure is probably comparable to ZrO2. A study by White et al. [119] used a
SQUID-based analysis to determine that 1 wt% Ni was soluble in the lattice at lower temperatures
(500-600°C), but not at higher ones (1000°C). In terms of Ni particle size, lower loadings of Ni
lead to smaller Ni crystallite sizes, as would be expected (see Table 6-2). For the 3 and 6 wt%
loadings, the presence of excess Ni leads to the formation of the tertiary La2ZrNiO7 perovskite.
Lattice constants for each of the pyrochlore catalysts are all shown to be greater for the Ni-doped
pyrochlore, than the reference LSZ material. As observed earlier in Section 4.1.3 this can be
attributed to a small fraction of Ni remaining in the pyrochlore structure. However, the increasing
trend in lattice parameter with metal loading potentially signifies there to be slightly more Ni in
the pyrochlore structure when there is more Ni initially substituted. The difference in crystallite
sizes (decrease) as the Ni loading increases is an indication of the Ni occupying the surface and
grain boundary regions and inhibiting the diffusion of the La and Zr pyrochlore framework cations.
Although the low weight loading of Ni does not appear to obstruct the movement of the pyrochlore
cations during crystallization, as the crystallite sizes for the LSZN1 and LSZ are similar, the
presence of NiO suggests the exsolved Ni also migrates to the same locations of the pyrochlore,
as will be discussed below.
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Figure 6-1. XRD patterns for 1, 3, and 6 wt% Ni substituted LSZN pyrochlore catalyst.
Table 6-2. Crystallographic data including lattice constants, crystallite sizes, and Ni crystallite
size
Material

Lattice

Avg. Crystallite

Ni Crystallite

Constant (nm)

Size (nm)

Size (nm)

LSZ

10.792

47.6

-

LSZN6

10.862

28.1

20

LSZN3

10.832

36.9

15

LSZN1

10.810

48.5

12

Raman
Figure 6-2 shows the Raman spectra for the LSZN materials with different weight loadings of Ni,
and the un-doped LSZ sample. The LSZ and LSZN1 sample both show sharp well-defined peaks
for 4 of the 6 pyrochlore Raman bands. These occur at ca. 298 cm-1, 399 cm-1, 491 cm-1, and 515
cm-1, and correspond to vibrational modes associated with the O-Zr-O bending of the B-site
tetrahedron, La-O (399 and 491 cm-1) stretching, and Zr-O stretching. Much like the cation
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ordering observed in XRD, Raman results demonstrate that low loadings of Ni do not elicit a
detectible change in the oxygen sublattice. However, increasing the amount of Ni loading leads to
broader peak associated with the oxygen bending in the tetrahedron surrounding the Zr, as well as
less defined peaks for the La and Zr stretching. Overall the decrease in resolution from the increase
in Ni loading is likely due to the increasing number of oxygen defects from the presence of more
Ni in the pyrochlore structure, as observed by XRD, but also due to the defects introduced into the
lattice from the exsolution of Ni to compensate for charge neutrality.
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Figure 6-2. Effect of Ni loading on the Raman spectra. Scans are shown for un-doped LSZ, and
Ni-doped LSZN containing 1, 3, or 6 wt% Ni.

H2-TPR
H2-TPR profiles demonstrating the reducibility of each of the Ni-containing pyrochlores are shown
in Figure 6-3. The LSZN6 shows a large intense peak, centered at 470°C, where most of the NiO
reduction occurs. Decreasing the metal loading shows this reduction peak to be present in the
LSZN3, and LSZN1 samples as well, but at progressively lower temperatures- 450°C, and 420°C
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respectively. This trend with decreasing reducibility from LSZN6>LSZN3>LSZN1 could be
attributed to the interaction of the NiO with the excess lanthanum at the surface. With the inability
of Ni to substitute into the structure, higher loadings of Ni lead to a greater amount of excess
lanthanum. Furthermore, the presence of lanthanum has shown to increase the reduction
temperature of Ni-based catalysts [157]. However, based on the temperatures for the reduction of
bulk Ni metal, ca. 400°C [158], reduction temperatures less than 500°C are considered to indicate
weak interaction between the support surface and the Ni [158]. Therefore, regardless of the Ni
weight loading, a large portion of the reducible Ni present in all materials shows a reduction
temperature signifying a low degree of interaction with the pyrochlore, even with high levels of
excess lanthanum at the higher loadings. This is especially the case for the LSZN1 material in
which nearly all the Ni falls into the category of having a weak metal-support interaction.

A sharp, distinct peak at ca. 350°C is also observed for the LSZN1 materials, which indicates that
a small amount of a reducible form of Ni with clusters sizes ca. ≥17 nm is present with a weak
interaction with the support [152]. A slightly noticeable shoulder feature near this temperature is
also observed for the LSZN3, and suggests that particles of a comparable size, and support
interaction are present in this material as well. The low temperature peak at 320°C for the LSZN6
can likely be attributed to the presence of free Ni that has very weak interaction with the pyrochlore
surface [159, 160], and likely forms through the diffusion of NiO from within the structure and
pores to the surface from the surface area shrinkage at the higher calcination temperatures [130].
The high-temperature reduction peaks, ca. 575°C and 563°C, observed for the 3 and 6 wt%
samples respectively are due to the Ni occupying the perovskite phase. As observed by XRD,
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increasing Ni loading from 3 wt% to 6 wt% led to a greater amount of Ni present in this phase,
while the lowest loading, 1 wt%, had no peaks corresponding to this phase.
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Figure 6-3. H2 TPR profiles for LSZN substituted with 1, 3, or 6 wt% Ni.
TEM
TEM images of the LSZN3 and LSZN6 catalyst are shown below in Figures 6-4 a-c. Imaging was
also performed on the LSZN1, but the Ni was not as obvious to detect on the sample due to the
low loading. The images confirm the results from XRD that the presence of higher Ni loadings
produces smaller grain sizes compared to the LSZ from the segregation of Ni to the grain boundary
region, where it appears to accumulate in streaks that are located at interfaces of the pyrochlore
crystal grains. Also observed is the clustering of the Ni into particles with a rather inconsistent size
range on the surface. Particles sizes ca. <10 are observed, as well as some > ca. 15 nm for the

150

LSZN6 catalyst. From the images, it becomes is clear that the Ni distribution is rather
inhomogeneous over the material, and is not improved by lowering the weight loading. Due to the
relatively low solubility of Ni in the pyrochlore, substitution of Ni will result in the formation of
Ni-rich regions along the grain boundaries, which leads to a lower dispersion/surface coverage,
and a greater susceptibility of the metal to sintering during reaction.
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Figure 6-4. TEM images of a) LSZN3 showing NiO at triple grain junction b) LSZN6 showing
NiO at the grain boundary of the pyrochlore, and c) LSZN6 showing NiO particles.
Atom Probe Tomography
Atom probe tomography was performed on a LZN1 (no Sr) sample calcined at 1000°C. Although
the composition and calcination temperature are slightly different than the materials characterized
for this chapter, the results are provided to support the TEM results in Section 6.1.5. Figure 6-5
shows a 2-D representation of a 3-D LZN1 pyrochlore particle, with corresponding mass spec
results shown for a point analysis in the bulk, and a 1-D line scan over the grain boundary. From
the compositional analysis of the bulk, very little Ni signal is observed in the mass-spec data, which
confirms the low solubility of the Ni in the pyrochlore structure. The exsolution of the Ni to the
surface leads to the distribution of some of the Ni as very small particles over the pyrochlore
surface, as evidenced by the green spots covering the particle. Confirming the TEM data, Ni is
found to enrich and accumulate at the grain boundary interfaces of the pyrochlore crystallites- even
at low loadings. This provides further evidence that substitution of Ni elicits the opposite effect
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than anticipated, resulting in an accumulation of the metal rather than a more uniform distribution
at the surface.

Figure 6-5. Atom probe image of a LZN material calcined at 1000°C. Analysis performed by
Cameca.
Effect of Metal Loading on SMR Activity
Effect of Metal Loading on Activity (High Pressure SMR)
Figures 6-6 a-c show the effect of Ni metal loading on the activity and selectivity of the fresh
pyrochlore catalysts for the SMR of CH4 at 800°C, P=1.8 MPa, WHSV=50,000 scc/gcat/h, and
S/C=2.0. Similar to the results observed earlier, the activity of the Ni in the fresh catalyst
deactivates almost immediately due to the sintering of the metal and deactivation by steam
oxidation of the Ni metal. Steam is known to have deleterious effects on the steam reforming
activity of Ni, and has been observed in a study Anjaneyulu et al. [161] for the conversion of
ethanol into synthesis gas at 600°C. Earlier it was observed that the Ni deposited on the surface of
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the LSZ material was able to achieve a more effective and stronger interaction between the metal
and support, which led to a more stable and active metal under the same SMR conditions. Here,
lowering the Ni loading does lead to a more stoichiometric pyrochlore formulation and structure
that is similar to the undoped LSZ, but the interaction between the pyrochlore surface and Ni
remains weak at the lower weight loadings. This can likely be ascribed to the concentration of a
large amount of the Ni at the grain boundary regions for all materials, which decreases the surface
migration distance required to minimize surface energy under the elevated temperatures and high
steam partial pressures. Therefore, like the LSZN6 catalyst, both the 3 and 1 wt% Ni loadings also
readily sinter as the Ni is unable to anchor to the pyrochlore surface, and as a result deactivates by
sintering and subsequent oxidation. However, the rate of activity loss is faster and greater in
magnitude from the fewer active sites present for the lower Ni loadings. In particular, the LSZN1
material becomes completely deactivated, and unable to produce synthesis gas yields for the entire
duration of the experiment.

It can be seen, however, that having more Ni present does lead to the ability for the material to
recover at least some portion of the initial activity. Having more Ni present results in a greater
amount of Ni at the surface and grain boundaries and can produce faster sintering rates of the Ni
into larger particles. Also present at higher Ni loadings are a greater amount of H2 producing sites,
through which the presence of H2 is able to facilitate the reduction and redispersion of some of the
larger NiO particles in-situ into smaller and more active ones.
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Figure 6-6. SMR product distribution illustrating the effect of Ni loading on activity and
selectivity. a) LSZN1 (1 wt% Ni); b) LSZN3 (3 wt% Ni); c) LSZN6 (6 wt% Ni). T=800°C,
P=1.8MPa, WHSV= 50,000 scc/gcat/h, S/C=2.0.

Post Run Characterization
Post run XRD analysis (scans not shown) shows the presence of two phases for the Ni- Ni0, and
NiO. Particles sizes of the Ni for each material presented in Table 6-4 show a clear increase in
overall size from the respective fresh material, which along with the formation of NiO, further
confirms sintering and steam oxidation as the deactivation mechanism. Carbon burn-off post
reaction again showed low carbon formation during these studies (~ 0.01 gcarbon/gcatalyst for all
experiments). Deactivation by carbon formation was further ruled out by Raman analysis of the
spent catalysts (not-shown). Each of the LSZN catalysts showed an inconsistent, and non-uniform
surface coverage of carbon with some small amounts of D and G bands of carbon observed.
Although thermodynamically unfavorable at these temperatures (ΔG= 48.1 kJ/mol @ 800°C, as
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determined by HSC Chemistry [24]), the oxidation of Ni by steam occurs by the rapid sintering of
the Ni into less active larger particles, which is then followed by the irreversible adsorption of
steam onto the Ni metal as the methane activation rates also decline due to lower turnover from
particle growth and the progressive consumption of active sites by steam. Ni particle sizes for the
1 wt% sample were not able to be determined because of the low loading. Also, Ni occupied both
the oxidized and reduced states, leading to a lower peak intensity that if it was in only either one
of those states (e.g. all reduced or all oxidized).
Table 6-3. Post SMR XRD analysis of Ni region for samples with no pre-treatment. T=800°C,
P=1.8 MPa, S/C=2.0, WHSV= 50,000 scc/gcat/h.
Catalyst Ni Particle Size- Fresh Ni Particle Size- Spent
(nm)
(nm)
LSZN1
12
n.d.
LSZN3
15
Ni0- 29
NiO- 32
LSZN6
20
Ni0-34
NiO-24

XRD Peak Intensity Ratio
(NiO/Ni0)
1.1
1.2
0.47

Effect of Steam Pre-Treatment on SMR Activity
It was observed earlier (Section 4.3.2.5) that a 1h pre-treatment under steam and Ar was effective
for reducing the observed decline in activity related to sintering for low pressure steam reforming
over the LSZN6 calcined at 1000°C and P=0.23MPa (low pressure). The behavior was ascribed to
an initial sintering of the metal into larger particles, which then oxidize by steam. Reduction of
these larger particles then produced the porous, sponge-like metallic structure that allows some of
the Ni to be dispersed due to volatilization and migration of NiOH formed from the reaction
between trapped steam and Ni in the pores. As the metal loading proved to be ineffective at
reducing the driving force for Ni sintering due to the agglomeration of Ni at the pyrochlore crystal
interfaces/grain boundaries rather than distributing it more evenly over the pyrochlore surface, the
157

1h steam treatment was performed on each of the Ni containing catalysts to determine whether this
treatment would provide a similar improvement to activity at high pressure (1.8MPa) as it did
under the low-pressure study (0.18 MPa).

Activity results for each material exposed to a 1h pretreatment under steam and Ar at 800°C prior
to the SMR of CH4 at 800°C, P=1.8 MPa, WHSV=50,000 scc/gcat/h, and S/C=2.0 are shown in
Figures 6-7 a-c. The results show a drastic improvement in activity for all materials compared to
the previous results for the SMR at the same conditions, but with no pre-treatment. The sintering
of the Ni is not completely mitigated by the treatment however, as all catalysts show the instant
characteristic drop in activity linked to the kinetic inhibition by steam. In contrast to the untreated
samples however, while the conversion and synthesis gas yields decline, they show the ability to
recover, and slightly increase to a steady level rather than deactivate almost completely- especially
for the LSZN1 and LSZN3 catalysts. The behavior illustrates the resilience of some of the Ni
particles to re-disperse during the redox treatment. This can be attributed in part to the weak
interaction of the Ni metal and pyrochlore surface, which, even at low Ni loadings, promotes a
facile migration and agglomeration of the Ni into the larger particles that can be reduced and
dispersed through the repeated redox cycling in the catalyst bed. While the activity is improved
through the pretreatment, none of the weight loadings are able to achieve the dispersion of Ni that
is sufficient to achieve equilibrium yields at these flow rates and high reactant partial pressures as
compared to the low-pressure experiments performed earlier. There appears to be no trend in
activity recovery with weight loading after the pretreatment which could likely be related to the
sensitivity of the balance between the redox cycles and activity which leads to inconsistencies in
activity regeneration. However, the similarity between the materials in terms of conversion and
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selectivity suggests that the steam treatment produces nearly the same number of active sites on
each catalyst.
a) LSZN1
60

50

Composition (Vol‐% Dry Gas)

40
H2

30

CH4

20

10
CO
CO2

0
0

60

5

10
15
Time on stream (h)

20

25

b) LSZN3

50

40

Composition (Vol‐% Dry Gas)

H2

30
CH4

20

10

CO
CO2

0
0

5

10
15
Time on stream (h)

159

20

25

c) LSZN6
60

Composition (Vol‐% Dry Gas)

50

40

H2

30
CH4

20

10

CO
CO2

0
0

5

10
15
Time on stream (h)

20

25

Figure 6-7. SMR product distribution illustrating the effect of Ni loading on activity and
selectivity after 1h steam treatment at 800°C. a) LSZN1 (1 wt% Ni); b) LSZN3 (3 wt% Ni); c)
LSZN6 (6 wt% Ni). T=800°C, P=1.8MPa, WHSV= 50,000 scc/gcat/h, S/C=2.0.
Post Run Characterization
Post run XRD performed on the spent materials from the steam pre-treated SMR experiments
(scans not shown), again shows that the inability for the catalytic activity of all materials to achieve
equilibrium values can still be attributed to the oxidation of the Ni. However, analysis of the
particle sizes of the LSZN3 and LSZN6 shows a minor difference between the two experiments,
notably a smaller metal crystallite size. In addition, a comparison of the peak intensity ratio for
the higher weight loadings (3 and 6 wt% Ni), shows the steam treatment results in a higher amount
of Ni in the metallic phase, which can then explain the observed improvement in activity. As stated
earlier, a determination of the particle size for the NiO and Ni0 for the LSZN1 catalyst proved
difficult due to the low intensity of the corresponding Ni peaks.
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Table 6-4. Post SMR XRD analysis of Ni region for the samples have 1h pre-treatment under
Ar/steam mixture for 1h. T=800°C, P=1.8 MPa, S/C=2.0, WHSV= 50,000 scc/gcat/h.
Catalyst Ni Particle Size- Fresh Ni Particle Size- Spent
(nm)
(nm)
LSZN1
12
n.d.
LSZN3
15
Ni0- 25
NiO- 35
LSZN6
20
Ni0-24
NiO-19

XRD Peak Intensity Ratio
(NiO/Ni0)
~1.0
0.68
0.10

Carbon formation was evaluated quantitatively by laser Raman for each material and the scans for
each catalyst are shown in Figure 6-8. Raman shifts were observed at ca 1345cm-1 and ca. 1580cm1

which correspond to the D- and G-bands of carbon respectively. The presence of these bands

indicates the carbon is graphitic in nature as each can be ascribed to the respective sp2 bond
vibrations of disordered aromatic structures [77, 162], and stretching of the sp2 bonds (C=C) in
aromatic clusters [153, 163]. An additional band is also observed for each material at ca. 2688 cm1, which is the G’-band and is the overtone of the D-band [163]. The Raman scans also show that
the relative peak intensities for the respective D and G band peaks are similar between all the Ni
loadings. Furthermore, the ratio between the peak height of the D and G bands are also close to
one in each scan for all Ni loadings. Considering the similarities in the activity after the steam pretreatment, and the similarities in amount and type of carbon formed between each catalyst during
the study, it is surmised that the activity derived from the pre-treatment induced redox cycles is
similar for each material. Considering the activity is nearly the same for two different weight
loadings of Ni (1 and 6 wt%), it would indicate that the observed activity results from only a small
amount of the Ni present, which would be a reasonable assumption based on the large average
particle size of the metal and the presence of large NiO clusters.
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Figure 6-8. Raman scans of the spent LSZN1, LSZN3, and LSZN6 pyrochlore catalysts
evaluating carbon formation after the SMR at 800°C with 1h pre-treatment under steam and
800°C.

Conclusions


Increasing Ni metal loading from 1 wt% to 6 wt% is found to produce smaller BET surface
areas of the pyrochlore material.



XRD results show there to be NiO present for all fresh materials, indicating the Ni has a
low solubility into the pyrochlore structure. Excess Ni loadings ≥3 wt% were found to
form a La2ZrNiO7 perovskite phase.



TEM imaging and atom probe results show the Ni had an uneven distribution and
accumulated at the surface and grain boundary areas.



NiO at the surface was found to have a slightly higher reduction temperature for higher
weight loadings, due to the interaction with excess lanthanum. However, the overall
reduction temperature for the Ni suggested there to be a weak-metal support interaction.
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SMR activity results showed decreasing the Ni loading provided no benefit to activity for
the fresh material, as the LSZN1 and LSZN3 were nearly completely deactivated by steam.



The highest weight loading was able to achieve a slightly higher conversion and activity
due to the redox cycling that could distribute the Ni under reaction conditions.



A 1h pretreatment under steam at 800°C was able to improve activity for each material.
The weak interaction of the Ni and accumulation at the grain boundaries proved effective
in sintering the metal in all catalysts into larger particles, which could then be oxidized and
reduced to produce smaller and active Ni particles.



Post run characterization of the pre-treated samples showed oxidation of the Ni to occur,
but a greater amount of Ni0 with smaller particles was observed for the LSZN3 and LSZN6
materials after the steam treatment which could be attributed to the improved activity.



The similarities in activity between all materials after pre-treatment suggests the redox
treatment produces the same number of sites, which can be attributed to a small amount of
the Ni.
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Effect of Sr Promotion
The evaluation of Ni substituted into the pyrochlore structure has been characterized and evaluated
for SMR in the previous three chapters. It has been found that the Ni is not soluble in the structure,
even at low loadings, and migrates to the surface primarily as NiO. Furthermore, the elevated
temperatures elicit a sintering of the Ni into larger particles, which have a weak interaction with
the surface. Under reaction conditions, the Ni was observed to sinter almost immediately, and is
rapidly deactivated by the presence of steam at high pressures (P=1.8 MPa) during the SMR at
800°C, S/C=2.0, and WHSV=50,000 scc/gcat/h. The final piece to this study is the evaluation of
the effect of alkaline earth metals on the activity and stability of the Ni. The purpose of these
promoters is two-fold. First, the pyrochlore was observed to have a very low surface basicity which
required the Ni sites to perform the steam activation. Adding more Sr will then improve the number
of sites for steam activation. Secondly, the Sr has been found to promote a stronger interaction
with Ni and help stabilize the particles under reaction [164]. Therefore, the presence of increased
levels of Sr may also help anchor the Ni to the pyrochlore surface to minimize the effects of
sintering under the high temperatures and steam partial pressures. The purpose of this chapter is
to evaluate two different methods, i.e. deposited or substituted for the introduction of additional
alkaline metal (Sr) to effectively promote the activity and stability of Ni for the SMR at high
pressures.
Characterizing Different Deposition Methods of Sr on Material Properties
Surface Deposition of Sr
XRD Results
The XRD scan of the Sr/LSZN6 is shown in Figure 7-1 along with scan for the non-Sr promoted
material as reference. Sr was added to the surface of the pyrochlore material (total molar ratio of
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all Sr/Ni =0.25) by a simple insipient wetness impregnation of the Sr(NO3)2, which was then heated
to 600°C to minimize additional sintering of the Ni. XRD analysis reveals no detectable difference
between the two profiles, which shows the particle size of Ni is not adversely affected by the
additional heating procedure (remains at 19 nm), but also provides no detectible evidence the Sr
is able to interact with the Ni via the presence of any additional phases. It should be further noted
that after calcination, small dark spots were observed on the alumina plate that was used to calcine
the catalyst powder (see Figure 7-2). The Ni-substituted pyrochlore was found to have a very low
surface area when calcined to 900°C, 2.3 m2/g, and therefore has only a small area in which the
deposited Sr is able to anchor itself onto the surface. As a result, some of the Sr was unable to
attach to the surface, and migrated from the pyrochlore powder onto the alumina plate during
heating. This loss of promoter indicates that the simple surface deposition method is likely
ineffective to adequately deposit the desired amount of Sr, or any other additional promoter, onto
the surface of a Ni substituted pyrochlore.
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Figure 7-1. XRD profiles of Sr/LSZN6 material (0.25:1 Sr/Ni molar ratio), and LSZN6
pyrochlore catalysts.
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Figure 7-2. Image of the alumina plate used during the calcination of the pyrochlore catalysts.
Dark spots are the Sr that was originally deposited on the pyrochlore powder.
TPR
Figure 7-3 presents the TPR profiles for the Sr/LSZN6 and LSZN6 catalysts. As discussed earlier,
the LSZN6 material shows three reduction peaks due to the reduction of the free NiO with an
almost negligible metal support interaction (320°C), bulk Ni particles (470°C), and the reduction
of the La2ZrNiO6 perovskite phase (545°C). The addition of Sr to the surface leads to an increase
in H2 consumption at lower temperatures, producing a noticeable shoulder feature at roughly
330°C. While this peak does overlap with the reduction of the free Ni, the H2 consumption more
likely corresponds to the reduction of Ni3+ to Ni2+ in a LaSrNiO3 perovskite phase [165]. The
Sr/LSZN6 material also shows the characteristic reduction of the La2ZrNiO6 perovskite phase with
a shoulder at ca. 545°C, but it also has a high temperature reduction at ca. 755°C. This high
temperature peak further indicates the presence of a small amount of the LaSrNiO3 phase as the
reduction occurring here can be ascribed to Ni2+ to the Ni0 metal [166]. The small relative reduction
peak size (at ca. 755°C) compared to the original Ni peak at 475°C, indicates that there is a small
amount of this phase present, which is one reason why this phase is not evident in the XRD scan.
Additionally, the LaSrNiO3 phase has a rhombohedral structure, which has its characteristic peaks
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overlap with the more intense La2NiZrO6 phase. Aside for the slight reduction for the LaSrNiO3
phase, the TPR reduction profiles remain similar after the addition of Sr. This shows the Sr has
only a minor impact on the reducibility of most the Ni metal, and its interaction with the surface.
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Figure 7-3. TPR profiles for Sr/LSZN6 and LSZN6 pyrochlore catalysts.
CO2 TPD
The CO2 TPD profiles comparing the extent of surface basicity for the Sr/LSZN6 and LSZN6
materials are shown in Figure 7-4. Much like the results shown earlier (see Section 4.1.10), the
LSZN6 pyrochlore has a relatively inert surface, and maintains only a slight low temperature peak
at ca. 120°C due to the presence of very weak basic sites. The addition of the Sr to the surface is
found to increase the strength of the weak sites from 120°C to 200°C, and introduce two additional
peaks at roughly 500°C, and 745°C, which can be attributed to strong, and very strong basic sites
respectively [164]. This shows that the presence of more Sr on the surface leads not only to an
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increase in CO2 adsorption (i.e. more basic sites), but also an enhancement of the basic character
of the sites (shifting peak temperature).
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Figure 7-4. CO2 TPD results for LSNZ6 and Sr/LSZN6 (Sr/Ni=0.25 molar ratio).
Substitution of Higher Sr Loading into the Structure
XRD
As an alternative to the deposition of Sr, the same amount of total Sr (Sr/Ni molar ratio= 0.25) was
substituted into the structure of the LSZN6 pyrochlore (designated as LS15ZN6) via the Pechini
method to mitigate the loss of the promoting metal. The XRD profiles for the higher Sr containing
pyrochlore, and the original LSZN6 material are shown in Figure 7-5. The addition of excess Sr
into the structure has no impact on the Ni crystallite size, as both demonstrate particle sizes of ca.
19 nm. However, increasing the Sr loading beyond 0.3 at% has been shown to exceed the solubility
limit of the pyrochlore lattice, with the excess forming a SrZrO3 perovskite phase [103]. Shown in
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Figure 7-5 is an increase in what appears to be a higher amount of Ni occupying the La2ZrNiO6
perovskite phase. The increased intensity observed for this phase is not related to an improvement
of the cation mobility that would enhance the amount of La2ZrNiO6, but due to the presence of the
SrZrO3 orthorhombic phase whose peak for the (110) plane overlaps with the (220) plane of the
La2ZrNiO6 perovskite.
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Figure 7-5. XRD profiles of LS15ZN6 material (0.25:1 Sr/Ni molar ratio), and LSZN6
pyrochlore catalysts.
TPR
The TPR profiles for the LS15ZN6 and base LSZN6 catalysts are presented in Figure 7-6. The
profiles have qualitatively similar features, with major reduction peaks occurring at 320°C, 470480°C, and 545/625°C for both materials, which are again related to the free Ni, bulk Ni, and
La2ZrNiO7 reduction, respectively. The addition of a greater amount of Sr into the structure has
very little effect on the reducibility of the Ni that is located on the surface as there is almost no
change in the reduction peaks observed below 500°C. There is however, a noticeable change in
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the reduction temperature and peak height for the higher temperature reduction peaks between the
two materials. This can be explained by the presence of more Sr in the structure at the expense of
La, with the latter required to form the La2ZrNiO6 phase. With less La present, less of the
La2ZrNiO6 phase will form, and consequently the amount of reduction attributable to this phase
(La2ZrNiO6) is also lower, as evidenced by the lower intensity of the high temperature TPR peak
for this phase. Furthermore, this result also confirms that the increase in the intensity for the
perovskite peak in the XRD data is more likely attributable to the SrZrO3 rather than La2ZrNiO6.
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Figure 7-6. TPR profiles for LS15ZN6, and LSZN6 pyrochlore catalysts.
CO2 TPD
CO2 TPD experiments were also performed on the LS15ZN5 material with the results compared
to the LSZN6 reference materials in Figure 7-7 As observed earlier, the addition of more Sr into
the structure introduces more basicity on the surface of the material. Two peaks are observed for
the LS15ZN6 material at 170°C, and 585°C which are attributed to weak, and strong basic sites,
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respectively [164]. Interestingly the substitution of the Sr does not produce any very strong sites,
which is likely related to the lower overall surface concentration of Sr achieved by substitution as
compared to a direct deposition of the metal onto the surface.
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Figure 7-7. CO2 TPD results for LS15NZ6 (Sr/Ni=0.25 molar ratio) and LSZN6.
Activity Evaluation of Catalysts with Higher Sr Content
The effect of the higher Sr loading on the catalytic activity and selectivity of the catalysts for the
SMR at 800°C, P=1.8MPa, S/C=2.0, and WHSV=50,000 scc/gcat/g is shown in Figure 7-8 a-c
for LSZN6 (reference), Sr/LSZN6, and LS15ZN6 respectively. As discussed earlier, the non-Sr
promoted LSZN6 material undergoes an initial deactivation by the sintering of the metal, which
also becomes deactivated by steam due to the lower turnover of the large Ni particles. The activity
is partially recovered by the continuous redox of the Ni particles in-situ, leading to a re-dispersion
and stabilization of a small portion of the Ni into smaller and more active particles.
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Figure 7-8. SMR results at 800°C, S/C=2.0, P=1.8MPa, WHSV=50,000 scc/gcat/h for a)
LSZN6, b) Sr/LSZN6, and c) LS15ZN6.

Activity profiles for the Sr promoted materials differ from that of the LSZN6 material indicating
the Sr and the synthesis method do affect the activity. The Sr/LSZN6 shows an initial activity
comparable to LSZN6 material with a slightly more stable initial activity, but then suffers an
irreversible and continuous drop in activity that is not recoverable. Meanwhile, the LS15ZN6
catalyst shows a more gradual decline in activity and selectivity, and overall is able maintain a
higher activity compared to the LSZN6. Alkaline metals, more commonly Mg, have been widely
used as promoters to enhance the steam reforming activity and carbon resistance of Ni [56].
Considering the similarities between the reduction profiles between both the Sr/LSZN6, and
LS15ZN6 to the LSZN6 for most of the Ni, the presence of more Sr does not lead to an improved
metal-support interaction. Hence, both the Sr promoted materials endure the same sintering and
corresponding activity decline of the Ni metal as the original material (LSZN6). However, alkaline
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metals do provide a geometric effect in which they partially cover, or are in proximity to the Ni
[56, 167]. The presence of these promoters then provides increased Lewis and Bronstead basic
sites that are located on, or near the catalytic sites that activate CH4. As a result, there are sites
for the activation of steam and CH4 close to each other, which allows for the rapid reaction, and
turnover between -OH groups and carbon.

The surface deposition is found to produce an irreversible deactivation of the Ni, while the
substituted form does not. This difference in activity may be related to the presence of the very
strong basic sites on the Sr/LSZN6 catalyst. The presence of these highly basic sites likely
populates the catalyst surface with large amounts of adsorbed steam, which in proximity to the
metal, would promote oxidation of the metal and limit the redox cycling that occurs to redistribute
the some of the Ni from the larger particles and help to recover activity. Meanwhile the more
moderately basic surface sites of the LS15ZN6 are able to promote an improved transfer of steam
to the Ni which can also and slow the sintering of the metal. In addition, the Ni can also undergo
the redox redistribution process from the higher H2 concentration and ultimately produce synthesis
gas selectivity and activity that are increasing at the end of the 24 h experiment.
Carbon Formation
Carbon formation was evaluated after the 24h SMR experiments via burn-off at 800°C. The
amount of carbon accumulated for each catalyst is shown in Table 7-1. As observed in the earlier
sections, the sintering and oxidative poisoning of the Ni leads to a lower catalytic activity, and
while some of the materials (LSZN6, and LS15ZN6), have the ability to recover some activity, the
amount of carbon formed during the experiments is low. The minimal amount of carbon further
illustrates that the sintering of Ni remains an issue, and that the presence of more Sr, despite the
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deposition method, cannot control the inevitable oxidation and irreversible deactivation of the as
produced material under high pressures of steam at high temperatures.
Table 7-1. Carbon formation over the LSZN6, and Sr promoted pyrochlore catalysts.
Catalyst

Carbon Formation (gcarbon/gcatalyst)

LSZN6

0.01

Sr/LSZN6

0.03

LS15ZN6

0.03

Conclusions


Sr was added to the LSZN6 material in an attempt to improve the sintering and deactivation
of the Ni during the SMR at 800°C, P=1.8MPa, S/C=2.0, and WHSV=50,000 scc/gcat/h.



Two different methods were used to introduce Sr (total Sr/Ni molar ratio=0.25) to the
LSZN6 material- surface deposition of Sr(NO3)2, and direct substitution into the structure.



Surface deposition was found to produce no detectable difference in the XRD pattern, but
a LaSrNiO3 phase may form as observed by the TPR profile of the material. Peaks for this
phase were not visible by XRD likely due to the lower concentration and similar peak
pattern compared to the La2ZrNiO6 perovskite. The surface deposition was also found to
be an ineffective way to introduce the desired amount of promoter to the surface, as Sr was
found to migrate onto the alumina plate used to hold the powders during calcination.



Substitution of Sr produced an increase in the peak in the region associated with
La2ZrNiO6. However, the TPR data showed a decline in the reduction of this peak for the
LS15ZN6 compared to the LSZN6, which suggested the peak was more likely due to the
presence of an SrZrO3 rhombohedral perovskite phase.
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CO2 TPD results showed Sr introduced weak and strong basic sites for both materials, but
also very strong basic sites for the Sr/LSZN6 material.



Activity testing revealed Sr did not improve the sintering of the Ni, but the deposition
method did have an impact on activity. The Sr/LSZN6 was likely deactivated by the
presence of the highly basic sites, which promoted the oxidation of the Ni and inhibited the
redox regeneration of activity. However, the LS15ZN6 was found to have a more gradual
drop in activity and selectivity indicating the promotional effect of Sr in this material
resulted from a more balanced rate of OH transfer to the metal to gasify the decomposed
CH4. The redox redistribution of the Ni was able to occur on this material, indicated by the
increasing activity after 24h time on stream.
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Ni Particle Growth
It has been observed that Ni particle growth, or sintering, is a persistent problem for the Nisubstituted pyrochlore. The high rate of sintering has been observed to be independent of
calcination temperature, metal loading, and the presence of Sr which has been either impregnated
onto the surface, or substituted into the bulk during the SMR of CH4 at 800°C, S/C=2.0, 50,000
scc/gcat/h, and P=1.8MPa. The purpose of this chapter is to evaluate the sintering of the Ni metal
at these conditions, and develop an expression for the agglomeration of Ni by fitting the observed
experimental data.
Sintering Experiments
The LSZN6 pyrochlore catalyst which was calcined at 900°C was used for this study. The material
was tested under the SMR conditions that were predominantly used for this work-T=800°C,
S/C=2.0, 50,000 scc/gcat/h, and P=1.8MPa, with no pretreatment. A series of SMR experiments
were performed with a fresh catalyst being run for different lengths of time- 0.25h, 5h, and 24h,
and 5h for repeatability. The flows were stopped after the respective time, and the spent material
was then scanned via XRD to determine the average particle size of the Ni.
Results of the Sintering Experiment
The change of the relative particle size with increasing time on stream is shown in Figure 8-1.
Actual particle size values are shown in Table 8-1. The particle size of Ni is observed to increase
with time on stream; however, the rate of particle growth decreases over longer times. This
behavior is qualitatively consistent with results observed by Sehested et al. [57] in which a
sintering study was performed on a commercial Ni catalyst under varying PH2O/PH2 ratios and
temperatures (T=550-750°C).
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Figure 8-1. Relative Ni particle sizes obtained at different experimental run times for a LSZN6
pyrochlore catalyst during SMR. T=800°C, P=1.8MPa, S/C=2.0, WHSV=50,000 scc/gcat/h.
Table 8-1. Average Ni particle Size values determined via post run XRD after different
experimental run times during SMR.
Time (h)

Ni Particle Size (nm)

0

17

0.25

20

3

22

5

24

24

35

5

23

Experimental Data Fitting
The behavior of the data shown in Figure 8-1 can be described by a horizontal parabolic
function, which has the general expression given by Equation 8.1:
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(8.1)

,

Where A, B, C, and D are constants, and A and B compensate for the off-set from zero, C is the
parabolic scaling factor, and D is the exponential behavior. Studies evaluating the sintering
behavior of Ni have found that the initial rate of particle growth is fast, but then slows to an almost
stable rate [56]. The expression shown in Equation 8.1 was selected as the best form to model this
type of behavior.

Fitting the data to the curve was performed in Excel using the solver feature. Starting values for
C, A, were assumed, and then used to predict a

,

value using Equation 8.1 for each experimental

time. The difference between the measured and initial fitted values was determined and then
squared to evaluate the effectiveness of the fit for each time (Chi squared (χ2)). The solver feature
was used to iteratively obtain the values for A, and C by minimizing the sum of the χ2 values that
were obtained for each point.

Table 8-2 shows the values for the constants, as well as the predicted

,

from Equation 8.1. As

evidenced by the χ2 values between the predicted data and the measured data, the expression is
unable to adequately predict the rapid initial sintering behavior of the Ni occurring over the short
time frame of the experiments performed (t<0.25h). Plotting the data, in Figure 8-2, further
demonstrates the goodness of fit for the expression. The overall expression governing the sintering
behavior for the Ni pyrochlore for the SMR at 800°C, P=1.8MPa, S/C=2.0, and WHSV=50,000
scc/gcat/h is shown by Equation 8.2.
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Table 8-2. Constants determined by fitting Equation 8.1, measured relative particle size,
predicted relative particle size, and the χ2 values.
Constant Values Time (h) Measured

Predicted

χ2

DNi/DNi,0 DNi/DNi,0 (measured-predicted)2
A=0.02

0

1

1.06

4.9E-3

B=3.00

0.25

1.17

1.09

6.7E-3

C=0.80

3

1.29

1.29

3.6E-05

D=0.28

5

1.411

1.417

3.0E-05

24

2.059

2.058

2.6E-07
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Figure 8-2. Experimental vs. predicted relative Ni particle sizes formed during the SMR over
different times.
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Discussion of the Expression
The sintering of Ni occurs in order to minimize its total surface energy under the reaction
conditions through the growth of smaller particles into larger ones. The sintering of the Ni has
three generic mechanisms that can describe particle growth. They are 1) crystallite migration over
the support followed by coalescence of the particles, 2) atomic migration, where metal atoms are
emitted from one crystallite, migrate over the support surface and are absorbed into another Ni
crystallite, and 3) vapor transport- in which a mobile species forms (e.g. Ni2-OH) due to a lower
surface diffusion coefficient, transports the Ni over the surface and is captured by another particle
[57].
Extensive work by researchers at Haldor-Topsoe has established that Ni sintering depends not only
on temperature, but also on the partial pressure of steam [8, 56, 57, 168]. It has been shown
computationally, the presence of steam produces Ni2-OH dimer surface intermediates, which have
either or both low formation energies and low surface diffusion barriers, promotes a more facile
surface migration of the Ni [8]. Subsequently, their sintering models have been developed to
account for the different possible sintering mechanisms (coalescence and/or atomic migration), as
a function of Ni loading, crystallite size, reaction temperatures, as well as steam partial pressures
to which Ni would be exposed under SMR operating conditions.

The expression generated for the observed Ni sintering over the pyrochlore (Equation 8.2) shows
a parabolic form with particle growth varying to the power 0.28 with time. This expression shows
a similar relationship with time to one developed by Sehested et al. [57]- (see Equation 8.4) but is
limited to only describing the time dependence of particle growth at the conditions used for this
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study. Meanwhile, an extensive set of experiments by Sehested et al. [57] enables the inclusion of
the effect of both temperature, and (PH2O/PH2) to describe the sintering behavior.

,

/

1

(8.4)

Where a is the pre-exponential factor, Ea is the sintering activation energy, m determines effect of
the atmosphere, and n determines the time dependence.

Ni does have the ability to sinter via both sintering mechanisms, and the type of mechanism which
occurs may be temperature dependent as it has been found that coalescence occurs primarily at
low temperatures (<700°C), and atomic migration at high temperatures (>700°C) [56]. In their
study, Sehested et al. [168] noted a value of 8.6 for n while fitting the particle size data as a function
of time, which is evidence that the sintering is controlled by both mechanisms of particle growth.
Ni particle size distributions and decay kinetics have shown a log normal distribution and results
in values of n>8 and indicates coalescence is the dominant sintering mechanism [56]. A change in
the distribution to one with a steep slope toward larger particle sizes and tail towards smaller ones,
produces a value of n<8 and is indicative of particle migration [56]. Thus, values close to 8 suggest
both sintering mechanism are occurring. Using the expression derived by Sehested et al. [168] to
back out an n value for the sintering order gives a value of 2.75 for n. This would suggest that the
particle migration occurring in the pyrochlore is occurring via an atomic migration mechanism,
which would be consistent with the n<8 values. In their work, Sehested et al. [168] shows a value
of 8.6, which results in an exponential order of 0.14 with time. Their model describes a slower
predicted growth than Equation 8.2, likely because of the lower temperatures used to fit the model
(500-750°C).
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The initial sintering behavior of the pyrochlore shown in Figure 8-1 for times less than 0.25h is
difficult to model by Equation 8.2 based on the very rapid rate of particle growth over this period.
It has been shown that the surface diffusion coefficient of the Ni2-OH dimers, which are likely the
most common migrating species in the presence of steam, under the atomic migration controlled
sintering- has a dependence to the power -4 on the particle radius [57]. Thus, the close proximity
of the Ni particles accumulated at the grain boundaries or dispersed over the low surface area of
the pyrochlore, combined with the very weak interaction between the pyrochlore and Ni results in
very rapid initial particle growth and therefore an extremely high sintering rate once the feed is
introduced. Then over longer experimental run times (t>0.25h), a slower rate becomes dominant.
This is indicative of the lower Ni coverage, as well as slower rate of surface diffusion due to more
energetically stable particles.
Conclusions


A LSZN6 Ni-based pyrochlore was tested for SMR at 800°C, P=1.8MPa, S/C=2.0, and
WHSV=50,000 scc/gcat/h at various times to develop an expression for the sintering of the
metal with time.



Fitting the data showed that a parabolic function was able to describe the sintering process.
However, the rapid sintering rates occurring at very short times (t≤0.25h), proved difficult
for the model to account for.



The initial sintering rate (t≤0.25h) was higher due to the higher surface energy present from
the Ni in close proximity in the grain boundaries, and over the small surface area of the
pyrochlore. This provided higher diffusion coefficients, which combined with the weak
interaction of the pyrochlore surface, led to an almost instant active metal surface area loss
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during this time. Meanwhile, at longer times, the increase in diffusion coefficient, along
with stabilization of larger Ni particles reduced the sintering rate.


From the literature, Ni is found to undergo two types of sintering mechanisms- coalescence
and atomic migration. According to a relationship found in the literature, it is speculated
that the Ni is undergoing an atomic migration sintering mechanims.



The expression developed for this study shows a 0.28 exponential relation with time while
values of 0.14 have been observed in the literature. It is speculated that the higher
exponential factor is indicative of the atomic migration mechanism.
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Summary and Conclusions
Ni substituted into the pyrochlore structure has been characterized and evaluated for SMR at 800°C
and two different pressures (P=0.23 MPa and 1.8 MPa), S/C=2.0, and WHSV=50,000 scc/gcat/h.
Three different variables were used including calcination temperature, a comparison between a
substituted and intentionally supported Ni catalyst, and Ni metal loading were used to elucidate
how the substitution affects the location of the Ni in the material and its activity. The effect of
improving the basicity of the material through the addition of more Sr onto the material was also
evaluated in an attempt to utilize the alkaline metal to stabilize the Ni.


The Pechini synthesis method was found to produce oxides that are compositionally
consistent with the desired theoretical formula. However low surface areas were observed
for higher Ni loadings due to the enhanced sintering caused by the presence of large
amounts of Ni through the introduction of oxygen vacancies into the structure.



It was found that the Ni is not soluble in the structure, even at low loadings, and migrates
to the surface primarily as NiO. At elevated temperatures, a sintering of the Ni into larger
particles is observed.



In-situ XRD results confirmed the crystallization of the pyrochlore occurred at 700°C,
which simultaneously led to the formation of NiO. It also confirmed the exsolution of most
of the Ni almost immediately upon crystallization, which led to an oxide anion sub-lattice
containing a large number of oxygen vacancy defects



CO2 TPD results showed there to be a small number of basic sites with medium strength
for the lowest calcination temperature (700°C). Heating to 1000°C eliminated the basic
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sites completely. The inert surface of the pyrochlore suggests the decomposition of the
steam and CH4 must occur over the Ni to achieve conversion.


A temperature programmed surface reaction from 650-900°C and cooled back to 650°C by
2.5°C/min showed the lowest calcination temperature to have the highest activity and
selectivity to synthesis gas, with activity and selectivity becoming progressively worse for
the materials calcined at subsequently higher temperatures. The results were attributed to
the smaller and more well-dispersed Ni particles on the surface for the catalysts calcined
at low temperatures. They also further illustrated that the activity for these materials
originates from the Ni on the surface, which decreases with temperature due to sintering.



Activity screening at S/C=2.0, WHSV=50,000 scc/gcat/h, and low pressure (P=0.23 MPa),
showed the material calcined at all temperatures to have a brief high initial activity.
However, each material underwent a decline in activity which was related to the sintering
of the Ni. The magnitude of the decline was found to be related to the initial particle size
of the Ni. The materials calcined at 700-900C were able to recover activity.



It was speculated the activity improvement was related to the continuous oxidation and
reduction of Ni under reaction conditions, which led to a small portion of the Ni becoming
more dispersed and stable. In addition, an increase in basicity at the surface that was likely
attributed to the exsolution of Sr from the bulk also may help stabilize the Ni. It was also
speculated that the activity could be improved from small Ni particles exsolving from the
pyrochlore or La2ZrNiO6 phase.



The effect of pretreatment during high-pressure SMR studies showed a fresh LSZN6 800°C
calcined material to deactivate almost immediately due to rapid sintering and subsequent
irreversible adsorption of steam. A 4h reduction pre-treatment under H2 was found to
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provide little benefit to activity, likely due to the sintering of the metal under the prolonged
reduction timeframe. However, a 4h treatment under a flow of inert gas (Ar) was found to
have an improvement on activity. This was believed to be due to the incorporation of the
Ni at the surface into the bulk, which, when reduced, would promote the formation of small
and more stable clusters at the surface. None of the pretreatments were found to mitigate
the deleterious effects of sintering on activity at high pressures.


The effect of a pre-treatment using steam at high temperature (800°C) was found to
improve the catalyst activity at lower pressures (P=0.23MPa). The LSZN6 calcined at
1000°C was subject to a steam pretreatment at 800°C for 15 min, or 1h before reaction.
The treatment time was found to produce an initial sintering of the Ni, which accelerated
the Ni redox mechanism. XRD analysis performed on a sample aged for 1h under steam at
800°C revealed particle growth due to sintering. It is speculated that the particle growth
may help drive the redox dispersion of the Ni, by producing a critical size of Ni particle
that may facilitate Ni dispersion when reduced.



A study comparting the substituted Ni to one in which Ni deposited onto a LSZ pyrochlore
showed the Ni was not able to incorporate into the structure for the substituted material,
and showed nearly identical features to NiO on the supported material and NiO standards
in the XANES and EXAFS spectra.



Comparing activity testing results between the LSZN6 and 6Ni/LSZ showed an initial
deactivation under low partial pressures (0.23 MPa) due to a sintering of Ni for the
substituted material, but not for the supported one. It was found that the supported catalyst
had a lower degree of sintering due to a stronger metal-support interaction. The stronger
metal-support interaction was confirmed for the supported metal catalyst by the higher
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pressure SMR experiment (P=1.8 MPa). Under the higher pressures, the substituted
catalyst was found to be irreversibly deactivated by steam, while the supported catalyst had
a slight but fully-recoverable activity decline. Carbon formation was not significant over
the time frame of the experiments. However, the more active supported catalyst had more
carbon for each study, compared to the substituted material.


TEM imaging and atom probe results show the Ni had an uneven distribution and
accumulated at the surface and grain boundary areas for all weight loadings of Ni.



The effect of weight loading was found to produce a slightly higher reduction temperature
due to the interaction between Ni with excess lanthanum. However, the overall reduction
temperature for the Ni suggested there to be a weak-metal support interaction regardless of
weight loading.



The effect of Ni loading on SMR activity showed no benefit to improve resistance to
sintering, as the fresh LSZN1 and LSZN3 catalysts were nearly completely deactivated by
steam almost instantaneously. The highest weight loading (LSZN6) was able to achieve a
slightly higher conversion and activity due to the redox cycling that could distribute the Ni
under reaction conditions.



A 1h pretreatment under steam at 800°C was able to improve activity for all metal loadings.
The weak interaction of the Ni and accumulation at the grain boundaries proved effective
in sintering the metal in all catalysts into larger particles, which could then be oxidized and
reduced in-situ to produce smaller and active Ni particles.



Post run characterization of the pre-treated samples showed oxidation of the Ni to occur,
but a greater amount of Ni0 with smaller particles was observed for the LSZN3 and LSZN6
materials after the steam treatment which could be responsible for the improved activity.
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The similarities in activity between all materials after the steam pre-treatment suggests the
redox mechanism produces the same number of active Ni sites, which can be attributed
only to a small amount of the Ni.



Surface deposition was found to produce no detectable difference in the XRD pattern, but
a LaSrNiO3 phase may form as observed by the TPR profile of the material. The surface
deposition was also found to be an ineffective way to introduce the desired amount of
promoter to the surface, as Sr was found to migrate onto the alumina plate used to hold the
powders during calcination.



Substitution of more Sr into the pyrochlore structure led to the presence of SrZrO
orthorhombic phase, which showed an intense peak for the (110) plane in the region
associated with La2ZrNiO6. However, the TPR data showed a decline in the reduction of
this peak for the LS15ZN6 compared to the LSZN6, which suggested the peak was more
likely due to the presence of an SrZrO3 orthorhombic perovskite phase.



CO2 TPD results showed the presence of Sr introduced weak and strong basic sites for both
materials, but also very strong basic sites for the Sr/LSZN6 material.



Activity testing revealed Sr did not improve the sintering of the Ni, but the deposition
method did have a negative impact on activity. The Sr/LSZN6 was likely deactivated by
the presence of the very basic sites, which promoted the oxidation of the Ni and inhibited
the redox regeneration of activity. However, the LS15ZN6 was found to have a more
gradual drop in activity and selectivity indicating that the promotional effect of Sr in this
material resulted from a more balanced rate of OH transfer to the metal to gasify the
decomposed CH4. The redox redistribution of the Ni was able to occur on this material,
indicated by the increasing activity after 24h time on stream.
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A LSZN6 Ni-based pyrochlore was tested for SMR at 800°C, P=1.8MPa, S/C=2.0, and
WHSV=50,000 scc/gcat/h at various times to develop an expression for the sintering of the
metal with time. Fitting the data showed that a parabolic function was able to describe the
sintering process. However, the rapid sintering rates occurring at very short times
(t≤0.25h), proved difficult for the model to capture.



The initial sintering rate (t≤0.25h) was higher due to the higher surface energy present from
the Ni in close proximity in the grain boundaries, and over the small surface area of the
pyrochlore. This resulted from high surface diffusion coefficients of the fresh material,
which combined with the weak interaction of the pyrochlore surface, led to an almost
instant active metal surface area loss during this time. Meanwhile, at longer times, the
increase in surface diffusion coefficient, along with stabilization of Ni particles reduced
the sintering rate.



From the literature, Ni is found to undergo two types of sintering mechanisms- coalescence
and atomic migration. According to an expression developed in the literature, it is
speculated that the Ni is undergoing an atomic migration sintering mechanism.
Future Work

Through the analysis of a Ni substituted pyrochlore for the SMR, the sintering of Ni and its
subsequent deactivation remains an issue with the material. For the continued evaluation of this
material for this application, the following work is suggested.



BET results showed the Ni to induce sintering through the introduction of oxygen
vacancies into the structure. One possibility that may minimize the exsolution of Ni and
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its migration to the surface as NiO would be to offset the charge imbalance introduced by
the Ni2+ for the Zr4+. This could be done by substituting a +5 valence non-reducibly
oxide, like Niobium (Nb), at a similar molar ratio to Ni.


The low solubility of the Ni in the pyrochlore was found to induce its segregation to the
grain-boundary areas. Although the Ni-based pyrochlores were found to have a low
surface area, the Ni dispersion could be enhanced by producing the powder using a method
that has smaller particle sizes and grain sizes compared to the Pechini based powders. One
such method would be the glycine-nitrate combustion method, which could produce a
material with smaller crystal grains, and therefore have a higher interfacial area for the Ni
dispersion. Furthermore, the smaller particles would phyisically limit the sintering ability
of the Ni compared to the agglomerated particles that are made by the Pechini method.



The Pechini method was the only synthesis method used to produce the LSZN powders
for this study. A similar method using EDTA instead of citric acid as the chelating agent
could be used. As EDTA has a much higher stability constant compared to citric acid, the
resulting powder could have a better dispersion of Ni and result in more Ni in the solid
solution occupying the La2ZrNiO6 phase at lower temperatures, rather than expelling it to
the surface as NiO where it readily sinters when exposed to steam.



Alternative heating methods such as using microwave to heat the Pechini precursor may
offer a benefit to selectively heat the Ni. By targeting only the Ni, it may be possible to
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induce the solid state migration of the Ni at lower temperatures to form the
La2ZrNiO6phase and minimize the NiO exposed at the surface.


The redox mechanism which leads to the redispersion on and improved activity of the Ni
should be studied in greater detail. Others have shown that species such as Al, or La can
migrate over the Ni during calcination, or reduction and affect the activity of the Ni. It may
be possible that the rapid sintering could be related to the La species interacting with the
Ni and promoting a rapid oxidation of the Ni.
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Appendix A Reactor Validation
To ensure the maximum amount of catalytic active sites are effectively utilized, it is important to
determine whether the transport of reactants to the catalytic surface is optimized for efficient
conversion. Mass transport can be inhibited outside the particle (externally) the by diffusion
resistances in fluid phase, which limits the rate at which the reactant gases are able to reach the
external surface. Additionally, internal limitations can also exist where diffusional resistances
within the pores of the catalyst particle restrict the ability for the reactants to access active sites.
Empirical relationships and correlations have been developed based on adjustable parameters to
determine whether these transport limitations are present. These correlations can be used to adjust
flow and catalyst particle sizes into the appropriate ranges to minimize mass transport limitations
to the extent possible and operate in a regime where the intrinsic kinetics of the material can be
evaluated. The external and intra-particle transport studies were performed for the reactor used in
this study. The results from these evaluations are described below.
A.1 External Transport Determination
Under external transport controlled regimes, the interphase resistances control the diffusion of
reactants through the stagnant fluid boundary layer surrounding the particle to the catalyst surface.
A well-known expression describing the correlation of the mass transfer coefficient in terms of
measurable process variables for flow around a spherical particle is shown below:
/

∝

/

/

/
/

Where DAB is the diffusion coefficient, u is the linear velocity, ρ is the fluid density, Rp is the
particle radius, and μ is the fluid viscosity.
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From this relation, it can be seen that the mass transfer coefficient has a direct relationship on the
linear velocity of the fluid. Therefore, this process parameter can be used as a diagnostic tool to
evaluate whether external transport limitations are present. The extent of external mass transport
can then be measured experimentally for steam reforming by evaluation the conversion of methane
under different flow rates, and corresponding linear velocities. However, the reactions must be
conducted at a constant turnover frequency in order to be comparable. As a result, the weight of
the catalyst is also to be increased by the same multiple as the flow (i.e. doubling the flow requires
twice as much catalyst in the bed), thus maintaining a constant weight hourly space velocity for
all experiments.
A.2 Internal Transport Determination
The internal mass transport effects inhibit the diffusion of the reactant gases within the pores of
the catalyst to the active sites. The Weisz Prater criterion is an expression derived to show whether
intraparticle resistances are present, and is defined by the following expression for a 1st order
reaction in a spherical pellet:

1
Where robs is the observed rate per unit volume, Rp is the catalyst particle radius, De is the effective
diffusivity, and CAS is the surface concentration of the limiting reactant.
Much like for the case of the external transport, this relationship presents a correlation with a
measurable property, the particle radius, which can be used as a process handle to determine
whether internal resistances are present. It can be seen that the observed rate has a dependence on
the particle radius. Therefore, experimental studies in which conversion is measured over a catalyst
having different particle sizes can be used to determine the extent of internal transport limitations.
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A.3 Experimental
External Transport
External transport evaluations were performed using a commercial 1 wt% Rh/Al2O3 from Alfa
Aesar, with a -40+60 particle size distribution. Three experimental tests were performed in which
the reactant flow rates and catalyst weights were successively increased. The conditions for these
tests are shown in Table A1. The fast WHSV with high dilution of reactant gases was selected to
minimize temperature gradients, as well as to ensure a low conversion which would allow the
catalyst to operate in a more kinetically controlled regime.
Table A1. Conditions for external mass transport studies for SMR performed on commercial
Rh/Al2O3. Particle size was -40+60 mesh, and WHSV= 115,000 scc/gcat/h for all experiments.
Catalyst Amount (g)
0.24

0.48

0.72

Reactor Temp (°C)

400

400

400

S/C

2.0

2.0

2.0

Ar (sccm)

400

800

1200

CH4 (sccm)

20

40

60

H2O (ml/min)

0.032

0.064

0.096

Total Flow (sccm)

460

920

1380

u (cm/s)

15.2

30.5

45.7

Internal Transport
Internal transport studies were also performed using the commercial 1 wt% Rh/Al2O3 catalyst
from Alfa Aesar. For these studies, the catalyst was axially pressed and sieved into the appropriate
particle size range. The particle size ranges and conditions used for these studies are shown in
Table A2.
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Table A2. Conditions and particle sizes used for the internal transport evaluation studies.
Reactor Temp (°C)

400

S/C

2.0

Ar (sccm)

800

CH4 (sccm)

40

H2O (ml/min)

0.064

WHSV (scc/gcat/h)

115,000

Mesh Particle Size

-10+20
-20+40
-40+60
-60+80

Methane conversion was plotted as a function of time to evaluate the effect of flow rate on transport
propertied. Methane conversion was determined by:

%
%
100

∗

100 ∗
%

Where Ar% and CH4% are concentrations measured by the mass spec.

Propagated Error Analysis
Operating at high flows and low conversion can push the operational limits of equipment used for
the experiment. Therefore, a statistical propagation of error analysis was performed to determine
the accuracy of the calculated results. The error values for the equipment used for the error analysis
are shown in Table A3, and the error equations are shown below.
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Table A3 Equipment error used for experimental error analysis.
Equipment

Range

Error (%)

Pump

-

± 1.0

Mass Spec

-

± 2.0

Ar Mass Flow Controller

2000 sccm

± 1.0% of range

CH4 Mass Flow Controller

40 sccm

± 1.0% of range

Error equations used to determine the propagation of error though the calculation of conversion:
∆

%

% ∗ 0.02

∆

∗

∆

%
%

.

∆

%
%
∆

%

∆

%
%

∗

∆

.

∗

% ∗
100

.

% ∗
100
.

∆

A.4 Mass Transport Results
External Transport Studies
Results from the external transport studies are shown in Figure A1. The conversion determined
for each linear velocity is plotted as a function of time and shows stable and nearly consistent
conversion range of between 12-16%. It can be seen in Table A4 that the measured conversion
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values are suitably away from equilibrium such that catalyst can be considered to be operating in
a regime where external transport effects would be observable. As stated earlier, inhibition of
reactants to reach the surface is inhibited the diffusion resistance in the fluid boundary layer that
forms around the catalyst particle. Increasing the reactant flow rate then decreases the boundary
layer distance and therefore reduces the resistance to diffusion. This behavior is manifested in the
reactivity data by an increase in conversion as the mass transfer rate increases to the particle by
the shrinking boundary layer. Therefore, the observed conversion would be lower for lower
flowrates, and would reach a steady value at the higher flow rates where the mass transfer to the
surface is optimized. Here it can be seen the conversion for all flow rates are roughly similar.
Despite the lower value observed for the second run of the u=15.2 cm/s experiment, the error
analysis suggests that the conversion values all fall within a range that overlaps with the respective
experimental error. Therefore, it can be assumed for the particle sized used for this study, external
transport resistances are not present for any of the linear velocities used here.
30
15.2 cm/s
30.5 cm/s

25

45.7 cm/s

Methane Conversion (%)

15.2 cm/s run#2

20

15

10

5

0
0

10

20

30
40
50
Time on stream (min)

60

70

80

Figure A1. Effect of linear velocity on conversion of methane during steam reforming for the
evaluation of external transport limitations.
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Table A4. Average conversion values and average propagated error for each linear velocity from
the steam reforming of methane.
Linear Velocity

Equil. XCH4(%)

Avg. XCH4

Avg. XCH4 Error

Conversion (%)

(±%)

15.3

5.3

30.5

14.7

3.4

45.7

15.9

2.8

15.2 (#2)

12.4

5.5

(cm/s)
15.2

30.1

Internal Transport Studies
Results showing the effect of particle size on conversion of methane during steam reforming are
shown in Figure A2. It can be seen that the conversion over all experiments is stable between ~1115.5%, which is well below the conversion value predicted for these conditions by equilibrium
(see Table A5). The effect of varying the particle size decreases internal surface area (i.e. pore
volume) within the catalyst particle. As a result, the gas diffusion and the associated resistances
also decrease as the reaction is forced to take place on the external surface. Therefore, it would be
expected to see lower conversions for the larger particle sizes, should internal resistances exist,
and then conversion reach a similar constant value for the smaller particle sizes. While it can be
seen in Figure A2 that all but the -10+20 mesh particle size have a similar conversion range, result
from the error analysis in Table 5 suggest all values can fall within the same range. This would
suggest that there are no intraparticle resistances under the conditions chosen here. A more likely
explanation for the disparity and lower conversion for the largest particle size is a lower axial
dispersion. This could result in poor distribution of the catalytic material throughout the reactor
tube, and lead to a lower contact with reactant gases and therefore conversion. Assuming the
average particle size for this material is ~ 15 mesh, this would correspond to a diameter of ~1.3
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mm. The reactor tube used in the study was has an 8mm I.d., which gives a tube/particle ratio of
~6.1. For packed bed catalytic systems an appropriate tube/particle ratio should be greater than 10
to avoid channeling or gradients. All other materials have a tube/particle ratio > 10.
30
10‐20 Mesh
20‐40 Mesh

25

40‐60 Mesh
60‐80 Mesh

Methane Conversion (%)

40‐60 (validation)

20

15

10

5

0
0

10

20

30

40

50

60

70

80

Time on stream (min)

Figure A2. Effect of catalyst particle size on conversion of methane during steam reforming for
the evaluation of internal transport limitations.

Table A5. Average conversion values and average propagated error the different particle size
ranges from the steam reforming of methane.
Mesh Particle Size
-10+20

Equil. XCH4(%)
30.1

Avg. XCH4

Avg. XCH4 Error

Conversion (%)

(±%)

11.0

3.38

-20+40

13.9

-40+60

15.5

-60+80

15.3

-40+60 (#2)

15.1
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Weisz-Prater Criterion for Internal Transport Determination
To confirm intraparticle resistances were not present, the Weisz-Prater criterion was employed to
determine whether the observed rates were transport limited. Despite the potential issues with axial
dispersion, the analysis was performed using the largest particle size -10+20 mesh and the -40+60
mesh size.
The Weisz-Prater and expression which describes the ratio of the actual rate to a diffusion inhibited
rate, and is defined as:
∗
Where η is the effectiveness factor and φ is the thiele modulus, which are defined as

ρc is the catalyst density, R is the particle radius, De is the effective diffusivity, and CAs is the
surface concentration of the limiting reactant.
Substituting for η and φ then gives:

The following relation describes the effectiveness factor for a 1st order reaction in a spherical
catalyst:
3

1

Substituting the CWP into this expression gives:
3
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1

Observed experimental steam reforming rate data and the corresponding particle size is shown
below in Table A6 for the two different particle sizes.
Table A6. Observed rate data determined during the steam reforming of methane for the +10-20
and -40+60 mesh sizes.
Experiment

Mesh Size

Observed Rate (mol/g cat/s)

Particle Radius (m)

1

+10-20

0.0256

6.62e-4

2

+40-60

0.032

1.5e-4

Applying the above equation to each experiment and taking the ratio between the two gives:
.2
.1

1
1

Taking the ratio of the Theile modulus between experiments 1 and 2 can eliminate one of the
unknowns in this equation-

Where now-

, which is 4.42φ2 using the values from Table A6.

Substituting this expression back in to the above expression along with the rate data from Table
A6 gives:
4.09

2

1
4.42

4.42

1

Rearranging and simplifying gives:
0.959

0.181

4.42

Excel was then used to solve for the value of φ2.
The values for the Thiele modulus for both particle sizes as well as the effectiveness factor are
shown in Table A7.
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Table A7. Thiele Modulus, effectiveness factor, and Weisz-Prater parameter determined for the 10+20 and -40+60 mesh particle sizes.
Mesh Size
Thiele Modulus (φ)
Effectiveness Factor
CWP
(η)
-10+20

0.469

0.986

0.22

-40+60

0.106

0.999

0.01

Finally, if CW<1 there are no diffusion limitations. It can be seen from the calculated values of
the CWP that for either case, including the largest particle size used for this study, there are no
internal transport limitations present under the conditions used for this study.
Activation Energy Determination
Mass transport studies were performed to characterize the flow rates and catalyst particle size
ranges to properly ensure reactant transport to the catalyst surface. Operating in a regime free of
transport limitations permits the ability to design experiments to assess important intrinsic kinetic
properties of the catalyst. The prevailing accepted kinetic mechanism for steam reforming has been
developed by Wei and Iglesia [33]. In their study, the conversion of CH4 by H2O or CO2 was
evaluated over different catalytic metals with varying cluster size. The mechanism was therefore
found to be highly dependent, and limited, on the activation of the C-H bond activation step for
the dissociation of methane, whereas the activation of the CO2/H2O species and the coupling
reactions with their intermediates and adsorbed carbon are considered to be relatively fast and can
be considered to be in quasi-equilibrium [33]. The C-H activation step was also found to occur
irreversibly, while the dissociation and re-association of the co-reactants are reversible and can
also be considered quasi-equilibrated as well. Therefore, the steam reforming reaction rate can be
considered to be governed by a 1st order rate expression, with a dependence only on CH4 partial
pressure, and a zero order in H2O:
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∗
The steam reforming reaction rate follows an Arrhenius law-type behavior with temperature.
Therefore, monitoring the change in turnover frequency (TOF) over a defined temperature range
in a transport free kinetic regime can be used to plot the ln(TOF) vs. 1/T and determine the
observed activation energy for the catalyst.
A.5 Activation Energy Experimental Procedure
The activation energy studies were performed on a 1 wt% Rh/Al2O3 commercial catalyst in the
fixed bed Autoclave Reactor. Reactant flows, and particle size were selected from the results of
the transport studies where transport effects were deemed negligible. Catalytic activity was then
examined 4 times at three different temperatures for 1h at each temperature to ensure stability.
Activity was first evaluated at the middle temperature, then the lowest, then highest, and finally
back to the lowest temperature to ensure no changes to catalytic activity was occurring. The
experiment was performed 3 times to ensure experimental consistency, and to determine obtain
average yields in order to calculate the activation energy. Table A8 below describes the conditions
used for the studies. Moles of active Rh was determined used H2 pulse chemisorption in a
Micromeritics 2910 unit. The Rh/Al2O3 was reduced by a temperature programmed reduction prior
to the pulse chemisorption to 500°C by 5°C/min ramp and held for 30 min. Pulse chemisorption
was performed at 50°C using a 10% CO/Ar mixture. A molar ratio of 2:1 CO to Rh was used for
dispersion calculation. Dispersion value determined from this experiment is shown in Table A9.
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Table A8. Conditions used for activation energy determination for commercial 1wt% Rh/Al2O3.
Reactor Temp (°C)
400
410
420
S/C

2.0

Ar (sccm)

800

CH4 (sccm)

40

H2O Flow (ml/min)

0.064

WHSV (scc/gcat/h)

115,000

Activation Energy Calculation
Turnover Frequency is defined as
And moles of CH4 converted is defined as
Table A9. Dispersion value determined for the Rh/Al2O3 catalyst from the CO pulse
chemisorption experiment.
Dispersion (%)
1 wt% Rh/Al2O3

40

Given the Arrhenius-law behavior with temperature, the ln(TOF) is plotted vs. 1/T. The resulting
plot should be linear, and the slope of the data being Eaobs/R and the y-intercept is the preexponential factor.
Rh SMR Activation Energy Calculation
An example of the product distribution produced over the Rh catalyst during the activation energy
tests is shown in Figure A3. It can be seen that the yields are stable over all temperature ranges
indicating there is no deactivation occurring by carbon formation. Furthermore, the conversion
and selectivity is roughly the same at the initial 1 h at 400°C set point, as well as during the activity
validation check portion when the temperature was changed back 400°C for the last part of the
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test. This indicates there is no changes occurring to the catalyst that result in any activating or
sintering effects during the experiment.

6
400C

410C

420C

400C

5

CH4

Composition (%)

4

H2

3

2

1

CO2
CO

0
0

50

100
Time on stream (min)

150

200

Figure A3. Effect of reforming temperature on reforming product composition for the 1 wt%
Rh/Al2O3 catalyst used for activation energy determination studies.
The Arrhenius plots used for the determination of the observed activation energy are shown in
Figure A4. It can be seen that there is good experimental agreement between the three different
experiments demonstrating the consistency of the reactor system. Table 3 shows the as determined
average observed activation energy from these experiments. It can be seen that the value
determined for the commercial reactor is in agreement with the previously reported literature
values. The consistency with the results determined here through the transport study and kinetic
evaluation of the observed activation energy for the commercial catalyst should confirm the
operation of the reactor system used for the catalytic testing.
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Figure A4. Arrhenius relationship for TOF vs. temperature, where the slope of the line is the
Eact/R.
Table A10. Apparent activation energies determined for the commercial 0.5 wt% Rh/Al2O3
catalyst, and its comparison to reported literature values.

1 wt% Rh/Al2O3 (this
work)
0.4 wt% Rh/Al2O3 [1]
0.5 wt% Rh/Al2O3 [2]
1.0 Rh/Al2O3 [3]

Ea (obs)
(kJ/mol)
93.±2.24

Reference

109
94.5
88

Wei and Iglesia, J. Catal. 225 (2004) 116
Zhang et al J. Catal. 158 (1996) 51
Nakamura et al. Catal. Letters 25 (1994)
265

N/A
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Appendix B Effect of Additional Dopants
The sintering of Ni proved to be a difficult obstacle to overcome during the evaluation of LSZN6
materials for the SMR of CH4. Additional variations of the catalytic material were synthesized
with different dopants to anchor the Ni to the surface, and mitigate the deleterious effects of steam
under reaction conditions. The materials were run under low temperature (700°C, P=0.23MPa),
and the WHSV was increased by 25k every hour until 200k. 1st row transition metals were
substituted (0.5 wt%) into the structure along with Ni to alloy with the Ni and improve the
resistance to oxidation. From Figure B1, it can be seen that Cr appeared to have the greatest
improvement on the activity of the Ni, as it was able to achieve the highest H2 production over the
higher reactant gas WHSV. However, even in the presence of these metals, the activity for all
materials declined due to oxidation of the metal while a commercial catalyst was stable and active
over all flow rates.
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Figure B1. Effect of WHSV on the catalytic activity of the LSZN6 pyrochlore containing
different transition metal dopants.
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6

The same experiment was performed over materials with other dopants in the A-site of the LSZN6
material. These include Y, Ce, or Ca (and Sr). The behavior of the activity data in Figure B2
shows that these materials also suffer from deactivation by steam. Both Y and Ca showed the
most effective promoting benefit, but were susceptible to deactivation once the flow reached 75k
WHSV. The addition of more Ni (9wt%) into the structure showed to have a slight benefit
compared to the 6wt% in terms of H2 production, but was unable to prevent the oxidation of the
metal.
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Figure B1. Effect of WHSV on the catalytic activity of the LSZN6 pyrochlore containing
different A-site dopants.
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Different sized dopants were used in the A-site and B-site, Y and Ti respectively, to determine
whether their presence would improve the solubility of the Ni into the pyrochlore lattice. Two
materials with the same atomic-% (2.2) of Y or Ti were characterized by XRD to evaluate the
lattice parameter and presence of Ni. The solubility of Ni was not enhanced by the presence of the
smaller dopants in either site, as NiO was observed in both materials. There was also no
appreciable shift in lattice parameter suggesting an improvement in the amount of Ni in the
pyrochlore solid solution. A chloride precursor was used as well, instead of a Ni(NO3)2 during
the pechini synthesis, and it can be seen in Table B1 that using a different Ni precursor form of
the Ni had no improvement on the XRD signal for the material.
Table B1. Effect of either A-site dopant, B-site dopant, or NiCl2 precursor on Ni crystallite size
and pyrochlore lattice as measured by XRD.
Catalyst
Ni XS (nm)
Lattice Constant (nm)
LYZN6

13

1.083

LSZN6Ti

15

1.080

LSZN6-Cl precursor

15

1.09
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Appendix C Calcination of Pechini Precursor in Tube Furnace

Figure C1. XRD profiles showing the effect of O2 partial pressure during heating of the LSZN6
under air, or diluted (6% O2) air in the tube furnace.

Figure C2. Effect of O2 partial pressure during calcination in the tube furnace on the TPR profile
of the LSZN6.
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Figure C3. Effect of calcination temperature in the tube furnace on the TPR of the LSZN6 under
dilute (6% O2) air flow.
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